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ABSTRACT
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This dissertation describes the development of methodologies for characterizing the
physical properties of electrosprayed droplets and ions as they exist in the open air. Two
novel ways of generating electrospray plumes were developed using voltage induction.
Also described is a novel way to measure the sizes of electrosprayed droplets smaller than
the diffraction limit of light using super resolution fluorescence microscopy. Studies
performed in parallel to the sizing experiments describe an unconventional way of using
ablative ions generated by corona discharges to probe chemical reactions occurring inside
the inlets of mass spectrometers. Also described is the ability to direct and separate ions
in the open air using plastic electrodes.
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INTRODUCTION

1.1

Overview
Since the initial discovery of the electron by J.J. Thompson in 1897,1 charged

particles and ions have been of immense scientific interest. In the modern age, gas phase
ions are probed by mass spectrometers, which infer information about a molecule’s
molecular weight and chemical structure by measuring the mass-to-charge ratio of a
molecule’s ionic form. A typical mass spectrometry experiment is comprised of three
stages: ionization, analysis, and detection.
Methods used for the first stage of a mass spectrometry experiment, ionization, are
classified as ‘hard’ or ‘soft’ depending on the state of the molecular ion formed.2, 3 Hard
ionization methods produce radical molecular ions via the removal of an electron and can
be used to ionized most molecules. However, most radical ions are unstable and result in
extensive fragmentation. In contrast, soft ionization methods produce molecular ions
typically via the addition of a proton or sodium ion. These molecular ions are much more
stable than those formed by hard ionization and result in minimal fragmentation. An
intentional fragmentation step in the form of collision-induced dissociated (CID),4-6
surface-induced dissociation (SID),7-10 or photodissociation (PD)11, 12 can be used to gain
structural information about ions generated by soft ionization methods. Electron impact
(EI) is the most common hard ionization technique while many common soft ionization
techniques exist, including chemical ionization (CI),13 field ionization (FI) and field
desorption (FD),14 matrix-assisted laser desorption ionization (MALDI),15,

16

direct

analysis in real time (DART),17 and electrospray ionization (ESI).18 Many soft ionization
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methods are performed in the open air or at atmospheric pressure, which simplifies
instrumentation requirements.
The second stage of a mass spectrometry experiment, mass analysis, is currently
performed in low pressure conditions (< 10-3 torr) using various mass-to-charge selection
methods. The simplest mass analysis technique is arguably time-of-flight (TOF) which
differentiates ions based on time spent in a vacated and field-free drift tube.19 Sectors
differentiate ions based on momentum and kinetic energy using magnetic and electric fields,
respectively.20 2D-quadrupoles and quadrupolar ion traps mass select ions based on
stability or instability in a quadrupolar field, respectively.21

Fourier transform ion

cyclotron resonance (FT-ICR)22 and orbitrap23-25 mass spectrometers can obtain high mass
accuracy and work by measuring image currents as ions repeatedly cycle inside an intense
magnetic field or around a spindle-like electrode, respectively.

Miniature mass

spectrometers possessing ion traps can be used to extend mass analysis to higher pressure
regimes of around 1 torr, though resolution is significantly degraded.26
The third stage of a mass spectrometry experiment, ion detection, is most
commonly performed in high vacuum using electron multipliers (EMs)27 and multi-channel
plates (MCPs).28 These detectors produce bursts of electrons when an ion strikes the
detector. The number of electrons produced depends on the kinetic energy of the ion. Ion
detection at atmospheric pressure can be performed using Faraday cup detectors combined
with current amplifiers, though such combinations are notoriously noisy. Other low
pressure and atmospheric pressure charge detectors have been developed in recent years,
including one which allows 2D-images of charged particle plumes to be acquired.29

3
The current chapter discusses aspects of the first stage of a mass spectrometry
experiment, ionization, as it pertains to the physical and chemical properties of ions and
charged droplets generated using electrospray ionization.
1.2

1.2.1

Electrospray Ionization

Fundamentals of Ion Formation
Electrospray ionization (ESI) is a soft ionization technique widely used for

analyzing polar molecules from solution in the open air.18, 30, 31 The 2002 Nobel prize in
chemistry was awarded to John Fenn and Koichi Tanaka (some scientists argue that ESI
was originally developed in Russia) for demonstrating that ESI could be used to ionize
small molecules and biomolecules without significant fragmentation.32 The very first
observations of the electrospray process were reported by John Zeleny in 1914 who
observed that charged droplets could be emitted from an electrostatically charged liquid
point.33 This concept was explored decades later by Geoffrey Taylor who ascribed the
mechanism of droplet breakup to the surface tension of the liquid being overcome by the
electrostatic potential applied to the solution.34
Traditional ESI is performed by applying a high DC voltage to an analyte solution
contained in a sharp emitter (Figure 1.1). The high voltage causes charges to form, separate,
and repel each other in solution, resulting in the formation of a Taylor cone at the sharp
end of the emitter. Charged droplets are emitted from the Taylor cone and undergo rapid
desolvation, which can be accelerated by adding heat and a nebulizing gas. During
desolvation, the charges on a droplet consolidate until the electrostatic repulsive forces
overcome the surface tension of the droplet, known as the Rayleigh limit.35 The droplet
undergoes a Coulombic fission event at this point, resulting in the emission of smaller
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charged droplets (progeny droplets) from the parent droplet. Coulombic fission events
have been observed using high speed cameras.36 Electrosprayed droplets undergo repeated
solvent evaporation and Coulombic fission events until only free, gaseous analyte ions
remain. Studies performed by Beauchamp et al. showed that most of a parent droplet’s
solvent is lost through evaporation while most of the charge is lost through fission events.37

Figure 1.1: Illustration of the electrospray ionization (ESI) process.

Gas phase ions are produced once droplets fully desolvate. Two theories are most
commonly employed to describe how ions evolve from charged droplets: the ion
evaporation model (IEM), and the charge residue model (CRM).38 The IEM states that
droplets undergoing Coulombic fission events also eject lightly solvated ions in addition
to progeny droplets. Evaporation of the remaining solvent molecules gives rise to a gas
phase ion. The IEM is typically used to describe the evolution of small ions that already
exist in solution. Alternatively, larger ions like proteins are thought to form via the CRM,39
which states that the charges left behind after droplet solvent evaporation are transferred to
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the analyte to form an ion. Nonpolar ions are also believed to form via the CRM since they
do not typically migrate to the surface of a charged droplet.38, 40 A third model, termed the
chain elongation model (CEM), has recently been proposed to describe the evolution of
chain-like compounds, including polymers, peptides, and some unfolded proteins.41, 42 The
CEM states that part of a chain can begin to escape the droplet surface and progress into
the gas phase, taking charge along with it. Over time, the rest of the chain follows.
The ability to form gas-phase ions from charged droplets, termed ionization
efficiency, is greatly affected by solution-phase conditions.

For example, solutions

consisting primarily of volatile organic solvent(s) allows droplet surface tensions to be
more easily overcome with a high voltage. This results in the emission of smaller initial
droplets that can evaporate to dryness much more quickly than larger droplets.
Consequently, this means pure water is often avoided as an electrospray solvent because
the voltage required to overcome the surface tension of pure water will generate a plasma
discharge in the air before any electrospray is ever formed.43 Sometimes nonvolatile
surface-active compounds called supercharging agents are added to solutions to
intentionally increase the charge state of an analyte.44-46 Supercharging agents occupy the
surfaces of droplets and prevent charges from passing. This confines charges to the
interiors of droplets until they transfer to analyte in higher than normal numbers via the
CRM. Ionization efficiency is also greatly affected by solutions containing high salt
concentrations, like biological samples. Salts cause ion suppression by either splitting an
ion peak in a mass spectrum into several salt adduct peaks or by occupying surface sites in
an electrosprayed droplet that take charges away from analyte during Coulombic fission
events.47
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Nowadays, several ESI variants exist to satisfy a range of different applications.
The most common variant is arguably nanoelectrospray (nanospray), which utilizes small
sample volumes and exhibits high ionization efficiencies compared to conventional ESI
(Figure 1.2).48, 49 Nanospray is performed by applying a high voltage to a solution-filled
emitter possessing a 1-10 μm opening. The small size of this opening allows low solution
flow rates to be used (nL/min; hence “nano” spray), which minimizes sample consumption.
Nanosprayed droplets are only a few hundred nanometers in diameter50, 51 and exhibit high
tolerance to salty matrices due to their small size.52, 53 This tolerance can be explained by
considering that, for a solution with any given salt concentration, the absolute number of
salt molecules potentially present in a small droplet will always be lower than in a larger
droplet. This means that only a small absolute number of salt molecules can potentially
adduct to an analyte molecule, which results in the generation of fewer salt peaks.

Figure 1.2: Illustrations of commons ESI variants, including nanoelectrospray, paper spray,
and desorption electrospray ionization.
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Paper spray ionization is another common ESI variant developed as an alternative
to liquid chromatography. Many researchers use paper spray to analyze complex samples
like blood and urine without sample preparation.54, 55 To perform paper spray, a triangle is
cut from Whatman paper, a few microliters of organic solvent or sample is applied to the
middle of the triangle, and a high voltage is applied to the paper. Compounds in a sample
that exhibit a strong preference for the paper will be retained while compounds soluble in
the organic spray solvent will be extracted and subsequently paper sprayed, meaning
sample cleanup occurs on the paper itself. Two different modes of paper spray have been
reported.56 The first mode occurs at the beginning of the experiment when solvent is
plentiful on the paper and results in the generation of droplets several micrometers in
diameter.51, 56 The second mode occurs after considerable depletion of solvent from the
paper, resulting in the simultaneous generation of corona discharges and droplets smaller
than 1 μm in diameter.
Desorption electrospray ionization (DESI) was developed over a decade ago for
analyzing surfaces using ESI as opposed to laser or thermal desorption techniques.57 DESI
is performed by depositing charged droplets onto an analyte surface to form a thin film.
Soluble analyte molecules from the surface are extracted into the thin film. Impinging
droplets from the DESI source splash into the thin film, causing the emission of analytecontaining secondary droplets that are subsequently analyzed by a mass spectrometer.
Imaging capabilities are achieved by placing a sample surface on a 2D moving stage and
rastering the sample in front of the DESI spray. A prominent application of DESI is in the
screening of biological tissues to acquire chemically specific information on lipid and
biomarker content.58-61

8

1.2.2

Chemical Reaction Acceleration in Droplets and Thin Films

Recent reports have indicated that some chemical reactions occur more quickly inside
electrosprayed droplets than they do in bulk solution. Rates enhancements of up to 106
have been reported,62 which is surprising because the accelerated rate would then be very
close to or even exceed the rates of gas phase ion-ion reactions.63, 64 One might imagine
that drastic changes to the way modern synthetic chemistry is performed could occur if
reactions occurring in droplets prove to be truly accelerated in a general sense, even if the
acceleration factors are only 10 to 100x. The origins of rate acceleration in electrosprayed
droplets comes from a study by Girod et al. who added Girard T reagent to a DESI spray
to help derivatize a surface containing corticosteroid and observed that a significant amount
of the derivatized product was formed almost instantaneously.65 Since this study, efforts
have been made to determine if rate enhancements can be observed in other small volume
systems, including other small charged droplet systems, neutral droplets, large droplets ( <
1 μm diameter), and thin films.66-68
The reasons for rate enhancements in small volumes are not completely understood.
One theory suggests that reagents present at the surface of a droplet or thin film are not as
highly solvated as those in the interior, and therefore have a lower solvation energy barrier
to overcome for reaction.69 This effect is enhanced by the larger collective surface areato-volume ratios of small droplets compared to larger droplets. In addition, small droplets
possess smaller total volumes for analyte to diffuse through, which certainly contributes to
rate enhancements.70, 71 It is also known that reagents become more concentrated during
solvent evaporation from electrosprayed droplets, which will result in increased collision
frequencies.72
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All the theories previously mentioned rely on the assumption that electrosprayed
droplets are very small, perhaps hundreds of nanometers in diameter or smaller. Jacobs et
al. indirectly provided insights into this size threshold when they collided micron-sized
droplets containing a fluorescent reagent and a quenching reagent and observed minimal
rate enhancement compared to bulk solution.73 However, Araghi et al. performed a
fluorescence reaction inside droplets with 8 -34 μm diameters contained in microfluidic
chips and observed that the smallest droplets exhibited rate constants up to 45x higher than
the same reactions performed in bulk.71

Unfortunately, conventional methods for

measuring droplet sizes cannot be used to probe droplets smaller than the diffraction limit
of light (~400 nm in air) or be used to simultaneously correlate the extent of reaction
acceleration with droplet size, but the development of an unconventional method is
described in Chapter 5.
Many reports exist of different reactions being accelerated in droplets and thin films.62,
65, 67, 74-80

Müller et al. electrosprayed a solution containing reagents for the Claisen-

Schmidt condensation reaction onto a glass wool surface and observed a high amount of
product when the material on the glass wool was analyzing using UV-Vis, NMR, and mass
spectrometry.77

This reaction was repeated by Bain et al. who showed that rate

enhancements changed depending on the benzaldehyde substituent used.81 Heterogeneous
copper-catalyzed reactions have also been accelerated using the deposit and reanalyze
method mentioned previously.80 Alternatively, the Katritzky reaction was accelerated in
thin films by depositing a reaction solution onto a paper spray triangle, allowing the
reaction to dry completely, and then performing paper spray using an eluent solvent.67
Reaction acceleration has also been reported to occur in Leidenfrost droplets,68 which are

10
neutral droplets levitated above a hot surface by a cushion of vapor.82, 83 Reactions in
Leidenfrost droplets are unique in that they occur in droplets which are both neutrally
charged and larger than typical electrosprayed droplets (> 1 mm). The temperature of
Leidenfrost droplets is close to the boiling point of the liquid comprising the droplets.84 It
should be noted that not all reactions exhibit acceleration in droplets and thin films, though
such reactions are not reported.

1.3

Manipulating Ions in the Open Air
Ions are most commonly manipulated in vacuum environments to minimize collisions

with background gas molecules and to avoid interactions that could result in ion-neutral
chemistry. However, the need for vacuum chambers and pumps significantly hinders the
development of miniaturized instruments because they are often the largest and most
expensive components of a mass spectrometry system.85

Moving ion manipulation

experiments to higher pressure regimes or even the open air is highly desirable but requires
careful consideration since the same parameters used to influence ion behavior in vacuum
do not necessarily hold at higher pressures.
The term ‘atmospheric pressure’ is commonly used to describe instruments that
operate at 760 torr but do not necessarily operate in the open air.

Perhaps the most

common examples of atmospheric pressure ion manipulation devices are differential (DMS)
and high-field asymmetric waveform (FAIMS) mobility spectrometers.86, 87 In DMS and
FAIMS, ions traverse a drift cell composed of two electrodes held at different voltages and
separate due to collisions with a background gas.88 Ions follow an arc-like trajectory and
enter a tiny slit at the end of the drift cell depending on their mobility in the background
gas and the strength of the electric field. The electric can be varied to select different ions.
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Drift gases like nitrogen, helium, or even dry air are used to aid ion separation. Great
efforts are made to eliminate water, which is known to cause ion-dipole interactions that
result in drag on the ions which decreases ion mobility or can even lead to ion solvation.89
The Cooks lab has made attempts to understand how ions can be focused in the open
air in addition to how they can be separated. Recent studies have shown that ions can
exhibit an order of magnitude focusing effect (~10x) when they are transmitted through
apertures of various shapes, sizes, thicknesses, and materials.90-92

For example,

nanosprayed droplets directed towards a circular aperture 1 cm in diameter and 10 mm
thick resulted in a 0.7 mm circular spot, which is a 14x focusing effect.90 Other shapes like
triangles and squares were used to show similar effects. In a separate experiment, a 3D
printed conductive plastic electrode possessing a 2 mm wide, 1 cm thick ring-shaped
opening was used to focus ions down to a 200 um wide ring, a 10x focusing effect.92 3D
printed structures possessing 90˚ bends and zig-zags have also been used to bend ion beams
in the open air and only require high DC voltages to do so.91 It is currently unknown if a
fundamental focusing limit exists or whether ions can be even more highly focused in the
open air.

1.4

Overcoming Abbe’s Diffraction Limit in Microscopy
The resolving powers of light-based techniques are normally confined by Abbe’s

diffraction limit, which states that the smallest spot light can be focused to is dependent on
the wavelength of light and the numerical aperture of the focusing lens / objective.93 The
diffraction limit affords optical microscopy a lateral resolution limit of about 250 nm;
however, numerical apertures cannot exceed about 1.6 due to small working distances94
and light possessing short wavelengths like x-rays are not usually used because it can be
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highly damaging to samples.95, 96 Electron microscopes achieve sub-nanometer resolutions
by taking advantage of the small wavelengths afforded by electrons but require extensive
sample preparation, must be performed in vacuum, often times damage a sample, and
cannot be used to analyze living cells.97
Super resolution fluorescence microscopy typically comes to mind when it is desirable
to obtain sub-diffraction limit resolutions. Several super resolution microscopy techniques
exist, all of which are performed in the open air. The 2014 Nobel prize in chemistry was
awarded for the development of stimulated emission depletion (STED), which can achieve
20 nm lateral resolutions.98, 99 STED is performed by using two lasers: one to generate
fluorescence intensity in a local area, and a second laser to deplete fluorescence from the
periphery of that area. The interference generated by combining these two lasers results in
a significantly decreased laser spot size. Similar lateral resolutions have been obtained by
stochastic optical reconstruction microscopy (STORM), which uses laser pulses to switch
fluorophores to fluorescent and nonfluorescent states.100-102 The positions of fluorophores
can be accurately determined by finding their centroids, a process termed ‘localization’.103,
104

Once a sufficient number of images of different localized fluorophores have been

acquired, a resolution-enhanced image can be reconstructed.
Structured illumination microscopy (SIM) is another form of super resolution
fluorescence microscopy that uses beat patterns, termed Moiré fringes, to obtain high
spatial frequency information.105, 106 Features in an image that are very close together are
said to have high spatial frequency and are difficult to resolve. Likewise, features that are
far apart are said to have low spatial frequency and are easy to resolve. SIM obtains high
spatial frequency information by projecting light through a grid of known pattern prior to
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illuminating a sample, which produces a patterned image of the sample.

Different

patterned images are acquired after rotating and translating the grid several times (Figure
1.3). The patterned images are superimposed to obtain Moiré fringes, which contain high
spatial frequency information. The superimposed image is then deconvoluted in the
frequency domain to obtain the original image plus the high spatial frequency information
from the Moiré fringes included, providing a resolution-enhanced image. Another way to
think of the concept of structured illumination is to consider the grid pattern and sample as
mathematical variables that, when multiplied together, produce a patterned image. This
three-variable equation possesses two knowns: (1) the grid, and (2) the patterned image of
the sample. This leaves one variable in one equation, the sample, which can be solved.
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Figure 1.3: Images of deposited paper sprayed droplets acquired using different SIM grid
rotations and translations. The grid orientation is easiest to observe in the top right droplet
in each image.
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1.5

Circular Hough Transformations
Advances in computational science have allowed geometric features in images to be

routinely recognized and processed using personal computers.107, 108 One of the most
common feature recognition concepts, the Hough transformation, was developed by P.V.C
Hough in 1962 for finding lines in images that he acquired of the insides of cloud
chambers.109 Years later, Duda and Hart extended the transformation to more general
shapes like circles and showed that the analysis of any irregular shape is theoretically
possible.110 Hough transformations are also highly tolerant to noise111 and have been used
in many biological applications, such as for mapping microtubules and clathrin vesicles112
and tracking the cell nuclei of zebrafish embryos over repeated division cycles.113
In a basic sense, circular Hough transformations find the circular features in an image
by fitting circles around those features and then voting on which circles fit best. A circular
Hough transformation is performed by first finding al the pixels in an image which possess
high intensities compared to surrounding pixels. The xy positions of these ‘candidates’ are
recorded and stored in an accumulator array, which is essentially a multi-column table.
Circles of radius ‘r’ are drawn around each candidate pixel using the stored xy positions as
the circle centers (Figure 1.4 left). If the edges of any circles overlap, the algorithm records
the pixel positions where the overlaps occur and allocates those pixels 1 vote (Figure 1.4
right). A pixel receives votes each time it is found as the point where the edges of different
sets of circles overlap. The pixel that accumulates the highest number of votes is then
defined as the center of a circle with radius ‘r’. A radius range can be specified if features
with different or unknown radii are present (Figure 1.5). Circular Hough transformations
utilizing a radius range use the same voting procedure as previously described, only the
algorithm also records the radius of the circle associated with each pixel’s vote tally.

16

Figure 1.4: Illustration of a circular Hough transformation being used to find the center of
an ideal circle, shown in black. (Left) A point on the edge of the black circle is deemed a
candidate pixel and a new circle is drawn around this pixel. Four accumulator array
positions along this new circle are illustrated, though more can be specified depending on
the resolution desired. (Right) Circles are drawn around other points along the edge of the
black circle. Accumulator array positions located where the edges of the new circles
overlap are allocated 1 vote for each overlapping circle. In this image, the pixel at (x4,y4)
would be allocated three votes, (x3,y3) would be allocated one vote, and (x2,y2) and (x1,y1)
would be allocated zero votes. The program would then determine that the center of the
black circle is at (x4,y4). Images adapted from MATLAB and Statistics Toolbox Release
2016b, The MathWorks, Inc., Natick, Massachusetts, United States.
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Figure 1.5: Illustrations of circular Hough transformation utilizing (left) large and (right)
small radii to detect the center of a black circle. No position possesses a vote tally of more
than one, meaning that the radius used in Figure 1.4 to yield a position with three votes
would be considered the accepted radius. Images adapted from MATLAB and Statistics
Toolbox Release 2016b, The MathWorks, Inc., Natick, Massachusetts, United States.
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DEVELOPMENT OF A MINIATURIZED
INDUCTIVE ELECTROSPRAY IONIZATION SOURCE

2.1

Introduction
Atmospheric pressure ionization technique have advanced rapidly over the past few

decades, owing largely to the modernization of electrospray ionization (ESI).18, 30, 114 A
fundamental understanding of ESI has allowed researchers to develop several variants of
ESI which improve the initial design in one or more aspects.31

For example, the

nanoelectrospray ionization (nanospray) source developed by Wilm and Mann48, 49 utilizes
very small sample volumes (< 10 μL) and generates submicron-sized droplets50, 51 which
provide increased analyte ionization efficiencies115 and salt tolerance.52, 53 Desorption
electrospray ionization (DESI) provides the ability to analyze surfaces using electrospray
ionization,57, 58, 116, 117 which destroys less sample compared to surface analysis by lasers
and high energy atomic/ion beams. Paper spray ionization was developed as an alternative
to liquid chromatography and aids in removing matrix effects from whole blood, urine, and
cerebrospinal fluid.54-56 Some ESI variants, such as relay electrospray ionization (relay
ESI),118 apply voltage to a solution inductively, which reduces the risk of contamination
and allows ultra-low volumes of solution (< 1 μL) to be electrosprayed. A recent variation
on relay ESI has been developed using nanogenerators, allowing for precise control of the
amount of charge deposited into an emitter.119
Another contactless ESI variant, inductive electrospray ionization (inductive ESI),
has seen recent use.120, 121 Initially termed ‘dielectric barrier electrospray ionization’ (DBESI) by Franzke et al.,122-124 inductive ESI is performed by applying a high voltage AC
waveform to a conductive electrode wrapped around a dielectric material, usually a glass
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emitter. The AC voltage causes charges to separate inside the emitter by induction,
resulting in the formation of an electrospray plume. This way of applying voltage differs
from conventional ESI where a continuous DC potential is applied to an electrode in direct
contact with the solution. There are several advantages to using inductive ESI, including
eliminating the risk of contamination from an electrode in contact with the solution, the
ability to pulse sprays and synchronize them with injections into an ion trap, the ability to
spray ultra-low volumes, and the ability to produce positively and negatively charged ions
nearly simultaneously. Inductive ESI is reported to possess greater tolerance to emitter
clogging and salty matrix effects compared to nanospray and is thought to be due to a ‘selfcleaning’ ability caused by the AC voltage;125 however, the claim is currently
unsubstantiated. Recently Peng et al. used inductive coupling to control the charge states
of peptides by simply changing the voltage of their inductive source.126
This chapter briefly describes the design and development of a miniature inductive
ESI source and discusses the parameters affecting high voltage generation. The circuit is
small, inexpensive, and allows for independent adjustment of the voltage amplitude,
frequency, and duty cycle without shutting off the circuit. The performance of the circuit
was characterized by comparing the protonated and sodiated peak intensities from six
different nonameric peptides. Direct comparisons between the results obtained from
inductive ESI and nanospray are drawn.

20
2.2

2.2.1

Experimental Details

Electronics
The miniature inductive ESI circuit described here (Figure 2.1) is based on a

waveform generator design obtained online (www.rmcybernetics.com). In a basic sense,
the miniature circuit can be thought of as a small, high voltage waveform generator. The
foundation of the circuit was derived from a 555 timer operated in ‘astable’ mode. The
frequency range (30 – 20,000 Hz) of the circuit was controlled by selecting different
capacitors with a switch. A potentiometer controlled the exact frequency (Figure 2.1
‘Frequency control’). The signal from the capacitors was fed into the positive terminal of
a comparator, which compared the capacitor voltage against a threshold voltage set by a
second potentiometer (Figure 2.1 ‘Duty cycle control’). As a capacitor began charging,
the voltage applied to the positive lead of the comparator was lower than the threshold
voltage applied to the negative lead of the comparator. This resulted in the comparator
outputting a low signal. Once the voltage applied to the positive terminal became higher
than the voltage applied to the negative terminal, the comparator outputted a high signal.
The repeated low-high cycles resulted in the comparator generating a 5 V square wave.
The frequency of the square wave matched the frequency outputted by the 555 timer. The
duty cycle was controlled by the threshold voltage, which allowed the duty cycle to be
independently controlled from frequency. As will be shown later, the shape of the high
voltage waveform changed as a function of both frequency and duty cycle. The square
wave from the comparator was sent to the gate of a MOSFET, which modulated the 5 V
signal to between 1.25 and 13.4 V. Adjusting this voltage using a third potentiometer
(Figure 2.1 ‘High voltage control’) changed the voltage applied across the primary winding
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of the transformer, and subsequently, the amplitude of the high voltage outputted from the
secondary winding of the transformer. The step-up transformer used in this circuit was an
Accel automotive ignition coil, which was enclosed in a grounded steel box to minimize
outside electrical interference. Power was supplied to the circuit by a modified 24 V
computer charger. The circuit also contains a 24 V fan (not shown) to cool the linear
voltage regulator supplying voltage to the primary winding of the transformer.

Figure 2.1: Schematic of the miniature inductive ESI circuit. An automotive ignition coil
was used as a step-up transformer to generate a high AC voltage. Potentiometers allow for
quick, independent control of the frequency, duty cycle, and high voltage output.

All electronic components were purchased from Mouser Electronics (TX, USA).
The automotive ignition coil was purchased from Accel. The miniature inductive ESI
circuit was contained in a 3D-printed housing that was approximately 120 mm x 92 mm x
95 mm (L x W x H). The 3D printer used was a FDM 3D printer (Prusa i3v, Makerfarm).
Polylactic acid (PLA) filament of 1.75 mm diameter was obtained from ColorFabb (Venlo,
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Netherlands). The frequency, duty cycle, and high voltage were monitored simultaneously
using a Tektronix TDS 2024 four channel oscilloscope (Tektronix, OR, USA).

A

Tektronix P6015A high voltage probe (Tektronix, OR, USA) was used to monitor to the
output of the automotive ignition coil and was connected to the oscilloscope using 1000x
attenuation. Data from the oscilloscope were stored on a USB drive and plotted in Matlab.

2.2.2

Chemicals and Mass Spectrometry
Borosilicate glass capillaries were purchased from Sutter Instruments (1.5 mm O.D.,

0.86 mm I.D.) and were pulled to 3 – 5 μm o.d. nanospray emitters using a Sutter P-97
micropipette puller (Model P-97, Sutter Instruments, CA, USA). Copper tape was wrapped
around each emitter to allow for high voltage application. Solvents were purchased from
Sigma (Sigma Aldrich, MO, USA). Nonameric peptides were obtained from Siemens
Healthcare Diagnostics (Elkart, IN, USA). Mass analysis was performed using a benchtop
linear ion trap mass spectrometer (LTQ, Thermo-Fisher Scientific, CA, USA).
Electrospray plumes were illuminated using a purple laser pointer and imaged using a
Watec camera (WAT-704R, Watec Cameras, NY, USA).

2.3

2.3.1

Results and Discussion

Characterization of the Inductive ESI Circuit
The shapes of the waveforms outputted by the automotive ignition coil were

monitored as a function of both duty cycle and frequency (Figures 2.2 – 2.9). When the
square wave outputted from the comparator transitioned from a high to low state, the
sudden change in voltage, and subsequently current, caused the automotive ignition coil to
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generate high voltage spikes at the input frequency. Small voltage fluctuations were
obtained when the square wave transitioned from a low to high state. However, the effect
was greatest during the high to low transition, meaning the voltage change in the latter case
was much more abrupt. Many of the high voltage waveforms generated using 100 to 2000
Hz appeared as ringing patterns (Figures 2.2 – 2.5). It is this ringing that is responsible for
the production of both positive and negative ions. Note that the amount of ringing changed
when the duty cycle of the square wave was changed. More ringing was observed when
higher duty cycles were used.
An almost sinusoidal waveform was obtained when a frequency and duty cycle of
3000 Hz and 30% were selected, respectively (Figure 2.6). Most of the waveforms
obtained using 4000 Hz resembled a sinusoidal shape when duty cycles of 50% or lower
were used (Figure 2.7). Duty cycles greater than 50% produced waveforms possessing two
maxima. The same sinusoidal shapes were observed for waveforms generated using 5000
Hz, although two maxima were observed only when duty cycles of 80% or greater were
used (Figure 2.8). There was a marked decrease in voltage output when frequencies
approached 10 kHz, even though the 555 timer could generate square waves with
frequencies up to 20 kHz (Figure 2.9). This limit was likely due to the response limit of
the automotive ignition coil. Other coils, such as a motorcycle ignition coil, might provide
faster response times. The shape of the square wave was also distorted to a rounded shape
at higher frequencies, causing gradual transitions to occur and lower voltages to be
outputted.
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Figure 2.2: Waveforms generated by the miniature inductive ESI circuit using 100 Hz.
Square waves (black) were measured in volts (V) and high voltages in kilovolts (kV).

Figure 2.3: Waveforms generated by the miniature inductive ESI circuit using 500 Hz.
Square waves (black) were measured in volts (V) and high voltages in kilovolts (kV).
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Figure 2.4: Waveforms generated by the miniature inductive ESI circuit using 1000 Hz.
Square waves (black) were measured in volts (V) and high voltages in kilovolts (kV).

Figure 2.5: Waveforms generated by the miniature inductive ESI circuit using 2000 Hz.
Square waves (black) were measured in volts (V) and high voltages in kilovolts (kV).
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Figure 2.6: Waveforms generated by the miniature inductive ESI circuit using 3000 Hz.
Square waves (black) were measured in volts (V) and high voltages in kilovolts (kV).

Figure 2.7: Waveforms generated by the miniature inductive ESI circuit using 4000 Hz.
Square waves (black) were measured in volts (V) and high voltages in kilovolts (kV).
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Figure 2.8: Waveforms generated by the miniature inductive ESI circuit using 5000 Hz.
Square waves (black) were measured in volts (V) and high voltages in kilovolts (kV).

Figure 2.9: Waveforms generated by the miniature inductive ESI circuit using 10000 Hz.
Square waves (black) were measured in volts (V) and high voltages in kilovolts (kV).

2.3.2

Electrospray Plume Characteristics
Inductive ESI plumes were observed under camera to study how different

frequencies affected the spray plume shape. A 1:1 mixture of water:methanol was loaded
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into a nanospray emitter and sprayed towards a grounded surface. A bulbous spray plume
with finger-like projections was observed when a 150 Hz frequency was used (Figure
2.10a). It is likely that the high surface tension and boiling point of water contributed
significantly to the elongated shape of the spray plume. Alternatively, the use of 500 Hz
resulted in a short, dim plume and generated what appeared to be more finely dispersed
droplets (Figure 2.10b). A similar spray plume shape and intensity to the 500 Hz plume
was observed when acetonitrile was electrosprayed using any combination of frequency
and duty cycle. Interestingly, electrospray plumes generated using frequencies below 100
Hz pulsed when duty cycles of less than 50% were used. However, these pulses did not
correspond to the frequency applied to the solution. A similar effect was also observed in
when the inductive ESI source was coupled to a mass spectrometer and used to ionize
solvent plugs from an air-segmented flow reactor.

Figure 2.10: Electrospray plumes generated by inductive ESI using frequencies of a) 150
Hz and b) 500 Hz. The solvent was a 1:1 mixture of methanol:water.
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2.3.3

Comparison of Nanospray and Inductive ESI
The miniature inductive ESI source was coupled to an ion trap mass spectrometer

to evaluate sensitivity, signal-to-noise ratio, and tolerance to matrix effects compared to
nanospray.

Mass spectra of a nonameric peptide (M-G-M-T-S-R-Y-F-Y) in 1:1

methanol:water with 0.1% TFA were recorded using standard nanospray conditions and
showed intense M+H and M+Na peaks (Figure 2.11a). The same nonameric peptide
solution was then electrosprayed using the inductive ESI source at 102 Hz and a 66% duty
cycle (Figure 2.11b). These inductive ESI parameters were chosen because they gave the
highest signal intensity.

Interestingly, the sodiated peak in the inductive ESI mass

spectrum was drastically lower in intensity than the protonated peak. The mass spectra of
four other nonameric peptide solutions electrosprayed using the miniature inductive ESI
circuit also showed higher protonated molecular ions (Figure 2.12a – 2.12h). These results
contrast with the results obtained by nanospray and suggest that ions produced by inductive
ESI possess a tolerance to sodiation. One reason for this effect may come from the fact
that AC waveforms produce positive and negative voltages nearly simultaneously, which
might cause electrochemistry to occur inside the nanospray emitter. It should be noted that
inductive ESI consistently produced lower average signal intensities by at least 5x
compared to nanospray and is likely due to the nonconstant application of one voltage
polarity. Frequency did not seem have a significant effect on mass spectral differences.
An interest was taken in the claim that inductive ESI possesses greater tolerance to
clogging compared to nanospray125 because small nanospray emitters (< 3 μm o.d.)
generate small droplets which yield higher ionization efficiencies115, possess greater salt
tolerance,52 and may allow reactions to proceed more quickly compared to larger
droplets;71 however, emitters with small o.d.s frequently clog. To explore this declogging
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claim, an experiment was performed where the spray plumes from nanospray and inductive
ESI sources were simultaneously monitored under camera and illumination. The emitters
used in this study were sister tips, meaning they were pulled from the same capillary and
were therefore identical. The electrospray solution tested contained caffeine, peptide, and
ultramark 1221. Surprisingly, the emitter connected to the inductive ESI source was the
only one to ever clog. The inductive ESI spray could be reformed by increasing the voltage.
However, clogging repeatedly occurred until no further increase in voltage resulted in the
reformation of a spray plume. Upon closer inspection, burned material was found at the
end of the emitter. It is known that inductive ESI sources use high currents, sometimes up
to 1 amp. Since high currents generate high power, and subsequently heat, it is possible
that the polymer in the spray solution burned, resulting in extensive clogging. This
experiment does not however infer information on the claim that inductive ESI is explicitly
tolerant to salty solutions, not polymer-based solutions, and further studies using salty
solutions are needed.
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Figure 2.11: Mass spectra of the peptide YC-9-2 analyzed by (a) nESI and (b) inductive
ESI. (c) Amino acid sequence of YC-9-2: M-G-M-T-S-R-Y-F-Y. Experiments using the
inductive source were performed using 3.4 kV, 102 Hz, and 66% duty cycle pulses.
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Figure 2.12: Mass spectra of four nonameric peptides acquired using (a,c,e,g) nanospray
and (b,d,f,h) inductive ESI. The amino acid sequences of the four peptides are as follows:
GC-9-1 = G-G-M-T-S-R-Y-F-C; GC-9-2 = G-G-M-G-S-R*-Y-F-C; IC-9-1 = I-G-M-T-SR-Y-F-C; IC-9-2 = I-G-M-G-S-R-Y-F-C. R* is isotopically labeled arginine.
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2.4

Conclusions
A miniature prototype inductive ESI source has been described and was used to

show the tolerance of peptides to matrix effects in traditional ESI solvents and the inherent
spray dependence on frequency. These results suggest the new inductive ESI circuit may
be used to quickly control the shape of the spray plume, leading to different ionization
characteristics of various compounds contained in a single solution. One extension of this
work would be to continue to explore the efficacy of ionizing solvent plugs generated in
air-segmented flow reactors. Preliminary studies in this area have shown that inductive
ESI produces signal intensities 100x those obtainable using conventional DC electrospray.
Elucidating the fundamental reason for this improvement may allow future inductive ESI
experiments to be efficiently optimized.
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TOWARDS THE DETECTION OF CIRCULATING
TUMOR CELLS USING ELECTROSPRAY IONIZATION MASS
SPECTROMETRY

3.1

Introduction
Many cancers often remain undetectable by conventional histopathology methods

until the cancer has metastasized and advanced well into late stages.127, 128 Since metastasis
accounts for approximately 90% of cancer related deaths129, a great deal of research has
focused on detecting and characterizing circulating tumor cells (CTCs) since the presence
of CTCs in the peripheral blood of patients may imply early stage metastasis.130-134
Unfortunately, the concentration of CTCs in the peripheral blood of a patient with early
metastatic cancer can be as low as one CTC per 106-107 hematogenic cells.134 Therefore,
there is a great need to develop sensitive analytical techniques, methods, and
instrumentation which allow for extremely low detection limits.
Almost all modern CTC detection methods require initial CTC enrichment
strategies, meaning CTCs must first be isolated from whole blood and concentrated before
analysis.135 Many CTC enrichment strategies employ antibody-based methods to either
specifically target and isolate CTCs from background cells (positive enrichment) or
specifically target and remove background cells, leaving a concentrated sample of CTCs
behind (negative enrichment).131 The protein biomarker ‘epithelial cell adhesion molecule
(EpCAM) is widely used in antibody-based enrichment strategies for two specific reasons:
(i) EpCAM is upregulated in epithelial cancer cells, and (ii) EpCAM is not expressed in
white blood cells (WBCs), red blood cells (RBCs), or other non-epithelial cells commonly
found in peripheral blood.135 There are a few known disadvantages to using EpCAM and
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other protein biomarkers for CTC enrichment. Such disadvantages include that other noncancer cells which express EpCAM can be present in the blood, which could lead to falsepositives, and also that certain epithelial cancer cells can undergo epithelial-tomesenchymal transitions (EMTs), which causes CTCs to downregulate their expression of
EpCAM, which could lead to false-negatives.133, 135
Several enrichment strategies isolate CTCs from whole blood based on physical
properties instead of using antibodies. Filtration and microchip technologies are used to
isolate larger, stiffer CTCs from smaller, more deformable red blood cells (RBCs).135
Density gradient separations can also be performed since CTCs and other mononucleated
cells (MNCs) are not as dense [< 1.077g/ml] as RBCs and granulocytes [> 1.077g/ml].136
However, enrichment strategies based on physical separation tend to suffer from high
background since WBCs share many of the same physical properties as CTCs. Many
researchers therefore use combinations of physical and biological enrichment strategies to
effectively enrich CTCs.137
CellSearchTM is currently the leading CTC enrichment and detection strategy.137-139
In CellSearch, anti-EpCAM antibodies conjugated to magnetic particles are used to target
and bind CTCs. A magnetic field is used to physically separate the antibody-bound CTCs
from whole blood. After a washing step, the CTCs are conjugated to fluorescently-labeled
antibodies, which target cytokeratins (CK 8, 18, 19-phycoerythrin), and are detected using
fluorescence microscopy.137 CellSearch is (i) FDA-approved, (ii) semi-automated, and (iii)
able to control for day-to-day variability.137, 139 Although fluorescence microscopy has
many strengths, it is unfortunately limited in terms of multiplexing capability (6-10
channels)140 and is not chemically specific.
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Mass spectrometry (MS) is a powerful analytical tool which provides chemically
specific information, readily achieves sub-nanomolar detection limits,118,

119

and is

amenable to automation.141 However, only a few mass spectrometric methods to date have
been developed for CTC detection. Wu et al. recently demonstrated an immunomagnetic
method for isolating and ionizing CTCs using magnetic nanoparticles and particle-assisted
laser desorption ionization mass spectrometry (PALDI-MS), respectively.142 The magnetic
nanoparticles used in this study served as a good PALDI matrix and allowed for the
analysis of cellular metabolites from the bound CTCs. On a similar note, Chiu et al. used
laser desorption ionization (LDI) to ionize CTCs isolated on aptamer-functionalized gold
nanofilms.143 The relative intensities of the gold clusters produced by laser ablation were
lower when a CTC was present on the gold nanofilm and higher when a CTC was not
present.
A completely different kind of mass spectrometric CTC detection strategy was
developed by Hiyama et al. in which density gradient centrifugation, flow cytometry, and
nanoelectrospray ionization (nanospray) were used to isolate, detect, and characterize
peptides and lipids from single isolated cells.144 A pressurized syringe was used to aspirate
individual cells into the tip of a nanospray emitter.

After super-sonication, which

presumably ruptured the cell membrane, the metabolites and lipids contained in the
nanospray emitter were subsequently electrosprayed. The CTC chemical profiles obtained
by these methods potentially allow for evaluation of cell resistance and treatment
options.145

However, these methods suffer from the fact that CTCs are extremely

heterogeneous and that potential biomarkers obtained from CTCs may not ionize well.
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This chapter describes the progress made towards developing an automated method
for detecting CTCs from whole blood using electrospray ionization mass spectrometry.
Since CTCs cannot simply be collected, electrosprayed, and detected by a mass
spectrometer, the first steps in a previously described CTC labeling method were tested
here.146

This method, termed the signal ion emission reactive release amplification

(SIERRA) method, involves first conjugating compounds of known m/z (mass labels) to
nanoparticles. The nanoparticles are then conjugated to magnetic microparticles, which
are subsequently conjugated to CTCs. This way of conjugation allows many more mass
labels to be indirectly conjugated to a cell than could otherwise be performed by directly
conjugating mass labels to a cell. This study evaluates the ability to perform the first
conjugation step; mass labels to nanoparticles.

In this study, custom-synthesized

imidazolium salts were used as mass labels due to their high ionization efficiency and
ability to form acetal bonds, which allowed conjugation to propylamine-functionalized
nanoparticles. The ability to release mass labels from nanoparticles was studied here by
using solutions of TFA to degrade the acetal bond. A method for generating electrosprays
directly from Whatman membranes previously used to filter whole blood was developed
to help provide the groundwork for an automated method of CTC analysis. Experiments
were performed to evaluate the effect of filtering whole blood on the formation of
electrospray plumes from the membranes. Through further development and refinement
of this method, an automated system for rapidly detecting CTCs by mass spectrometry is
envisioned.
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3.2

3.2.1

Experimental Details

Signal Ion Emission Reactive Release Amplification (SIERRA) Method
The SIERRA particle method is a particle stacking method where particles of

different sizes are used to amplify the signal from a small molecule by a factor upwards of
105.146 The SIERRA method is performed by conjugating hundreds of thousands of small
molecules (mass labels) to a single silica nanoparticle and hundreds of silica nanoparticles
to a single, larger magnetic microparticle.

By using antibody-conjugated magnetic

microparticles, several microparticles can be bound to a CTC simultaneously (Figure 3.1).
However, several considerations must be made prior to mass analysis. Firstly, it must be
possible to detach the mass labels from the nanoparticles and release them into solution
prior to detection by a mass spectrometer. Secondly, the chemistry used for detaching mass
labels must not also cause any of the other particles to detach, lest the mass spectra become
complicated. This means that a suitable mass label must possess a functional group which
can easily bind to nanoparticles to enable amplification, but this bond must also be readily
broken. The bond used in this study was an acetal bond formed between customsynthesized imidazolium salts and propylamine-functionalized nanoparticles.
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Figure 3.1: Illustration of the signal ion emission reactive release amplification (SIERRA)
method for tagging circulating tumor cells with custom-synthesized mass labels. The mass
label used in this illustration is a methoxyphenyl imidazolium salt (MeOPhIMSA)
synthesized in-lab.

3.2.2

Chemicals
A unique advantage of the SIERRA particle method when coupled to mass

spectrometry is that the structure of the small molecule being amplified can be explicitly
chosen. This means that molecules possessing readily ionizable functional groups, such as
quaternary amines, can be selected and implemented into the SIERRA method. Several
different mass labels were screened to determine the optimal molecule for amplification
using the SIERRA particle method and included dyes, imidazolium salts, and peptides of
various lengths (Table 3.1). For brevity, this chapter focuses on experiments performed
using the imidazolium salts. Solvents, Nile Blue A, precursor synthetic chemicals, and
propylamine-functionalized nanoparticles were purchased from Sigma Aldrich (Sigma
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Aldrich, MO, USA). Imidazolium salts were synthesized in-lab and were designed to
possess quaternary amine functionalities for improved ionization efficiency (Figure 3.2).
All trimeric, nonameric, and L-carnitine functionalized peptides were purchased from
Celtek (Celtek Peptides, TN, USA).

The m/z of the nonameric and L-carnitine

functionalized peptides were chosen to be larger than 500 m/z, meaning they were of the
range of chemical noise contributed by opportunistic small molecules.
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Table 3.1: Table of potential mass labels and their detection limits obtained by nanospray
ionization mass spectrometry. R* is an isotopically labeled arginine.
Mass Tag:

Sequence:

Molecular Weight

Nile Blue A

--

318.4 (M )

Methylimidazolium

--

217 (M )

Pmethoxyphenylimidazolium

--

309 (M )

Butylimidazolium

--

259 (M )

Pyridinium

--

214 (M )

1

GC-9-1

G-G-M-T-S-R-Y-F-C

1021.2

N/A

GC-9-2

G-G-M-G-S-R*-Y-F-C

1031.2

N/A

IC-9-1

I-G-M-T-S-R-Y-F-C

1077.3

50

IC-9-3

I-G-M-G-S-R-Y-F-C

1033.2

50

YC-9-1

Y-G-M-T-S-R-Y-F-C

1127.3

N/A

YC-9-2

Y-G-M-T-S-R*-Y-F-C

1137.3

N/A

Arginine-glycine-cysteine

R-G-C

334.4

10

Arginine-isoleucine-cysteine

R-I-C

390.5

10

Arginine-tyrosine-cysteine

R-Y-C

426.5

10

Arginine-lysine-cysteine

R-K-C

405.5

10

Arginine-arginine-cysteine

R-R-C

433.6

N/A

QC5-1

Lcarn-F-G-G-S-C

612.8

1

QC5-2

Lcarn-F-F-S-G-C

702.9

1

QC5-3

Larn-F-G-T-T-C

670.9

1

QC5-4

Lcarn-F-G-T-A-C

640.8

1

CRC-3

Lcarn-R-G-C

477.6

100

FC-2

Lcarn-F-C

411.5

10

+

LOD (nM)
1

Imidazolium salts:
+

+

+

+

1
<1
1

Nonameric peptides:

Trimeric peptides:

L-carnitine functionalized
peptides:
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Figure 3.2: Structures of functionalized imidazolium salts synthesized in-lab. Design and
synthesis performed by Steve Ayrton.

3.2.3

Electrospray Ionization, Mass Analysis, and Electron Microscopy Parameters
Borosilicate glass emitters were pulled from glass capillaries (i.d. 0.87 mm, o.d. 1.5

mm, Sutter Instruments, CA) in-lab using a micropipette puller (Model P-97, Sutter
Instruments, CA). All nanospray emitters possessed o.d.s of approximately 5 μm as
measured by eye using a Kronus light microscope with a fitted eyepiece. Mass analysis
was performed using benchtop linear quadrupole ion traps (LTQ, Thermo Fisher, CA,
USA). All quantitation and limits of detection experiments were performed using collision
induced dissociation (CID) with a Matheiu Q value of 0.25 and a 5 m/z isolation window
to detect the mass label and its internal standard simultaneously. The capillary voltage,
capillary temperature, and tube lens voltage used in the Whatman membrane electrospray
experiments were 15 V, 250 ˚C, and 65 V, respectively. Scanning electron microscopy
images of nanoparticles were acquired using a FEI NOVA Nano scanning electron
microscope (Thermo Fisher, OR, USA).
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3.3

3.3.1

Results and Discussion

Generation of Electrosprays from Whatman Membranes
One novel aspect of the work presented here is in the generation of an electrospray

plume from a Whatman Nucleopore membrane (~8 μm pores). A custom 3D printed
plastic holder was used to hold the Whatman membranes 1 mm over the mass spectrometer
capillary (Figure 3.3a - 3.3b). The holder was mounted on a precision xyz stage to allow
different parts of the membrane to be analyzed. A 90˚ bent extended capillary was used to
provide a small amount of suction on the membrane. It was necessary to use the suction
from the inlet to help generate an electrospray plume because attempts to generate an
electrospray from a Whatman membrane placed above a grounded plate were unsuccessful.
Approximately 20 μL of solutions containing various concentrations of mass label were
pipetted by hand onto each membrane. Over a few seconds, solutions were able to pass
through the holes in the membrane and create a pool of liquid at the bottom of the
membrane (Figure 3.3c). Electrosprays were formed from this pool of liquid by applying
4.5 – 6.5 kV to an APCI emitter placed a few centimeters above the membrane, meaning
the formation of electrosprays were induced by the presence of a high electric field (Figure
3.3d). Unsurprisingly, it seemed that applying a voltage to the emitter caused the solution
to traverse the membrane faster than diffusion and gravity.

Clean membranes and

membranes filtered with whole blood were used in this study to evaluate the effects of mass
action across the membrane. Towards the end of the study, it was noticed that membranes
used to filter whole blood usually possessed pores which were clogged. These clogs could
be easily removed by briefly lowering the membrane towards the MS inlet where the
material causing the clogs were removed. The membrane was then raised back to its initial
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position to perform electrospray experiments. Note that the integrity of the membrane was
not damaged during clog removal. The membrane also did not seem to degrade with the
addition of methanol.

Figure 3.3: The setup for electrospraying directly from a porous Whatman membrane. (a)
The membrane was positioned 1 mm above an inlet capillary bent at 90˚ and held in place
by 3D-printed plastic holders. A high voltage was applied to an APCI emitter positioned
a few centimeters above the membrane. (b) After solvent was added to the top of the
membrane, a large, visible electrospray plume was observed spraying from the bottom of
the membrane. Upon closer inspection, (c) solvent was seen pooling over the inlet due to
the suction from the MS vacuum prior to applying a high voltage to the APCI needle. (d)
When a voltage exceeding about 4.5kV was applied to the APCI needle, an electrospray
plume was generated from the pooled solvent. Images and rendering courtesy of Zane
Baird and Valentina Pirro.

Preliminary experiments were performed to evaluate how the Whatman membranes
performed as electrospray emitters. A solution containing 50 nM MIMSA and 10 nM
PyMSA in 4:1 methanol:water was spiked onto a clean Whatman membrane and
electrosprayed by applying 5 kV to an APCI emitter held above the membrane. Mass
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spectra were recorded under collision induced dissociation (CID) conditions for improved
signal-to-noise ratios. An isolation width of 5 m/z centered around 215.5 m/z was used in
this experiment to allow ions from both imidazolium salts to be scanned out simultaneously
from the ion trap, allowing for greater quantitative accuracy. Mass spectra acquired under
these conditions showed parent ions from both MIMSA and PyMSA and their
corresponding fragments (Figure 3.4a).

The peak at m/z 83 is attributed to the

methylimidazolium moiety plus a proton. The peak at m/z 80 is from the pyridinium
moiety plus a proton. A common peak at m/z 135 was also observed and is attributed to
the loss of the methylimidazolium and pyridinium moieties from the 2-hydroxy-5methylbenzaldehyde base structure. Some isobaric interference was observed and is
attributed to the extraction of contaminants from the Whatman membrane. Interestingly,
it was possible to electrospray a 1 nM solution of the methoxyphenyl-imidazolium salt
from a different Whatman membrane and still observe signal for a parent ion and fragments
of m/z 175 and 135, which correspond to the losses of the 2-hydroxy-5methylbenzaldehyde and methoxyphenyl moieties, respectively (Figure 3.4b).

The

improved detection limit for the methoxyphenyl-imidazolium salt might be a result of
weaker interactions between the salt and the Whatman membrane, which was hydrophilic
due to the presence of free hydroxyl groups. Nevertheless, these results indicate that it is
possible to achieve low detection limits by electrospraying from Whatman membranes.
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Figure 3.4: Mass spectra of (a) MIMSA / PymsA and (b) MeOPHIMSA salts obtained after
electrospraying from clean Whatman membranes.

Quantitation experiments were performed using MeOPhIMSA (m/z 309) and a
derivatized internal standard (m/z 307) to evaluate the ability to reproducibly generate
electrosprays from the Whatman membranes. Once again, an isolation window of 5 m/z
was used to simultaneously trap the methoxyphenyl-imidazolium and internal standard
ions. Solutions consisting of 1, 5, 10, 50, and 100 nM methoxyphenyl-imidazolium and
10 nM of the internal standard were prepared and spiked onto three different membranes
to obtain three calibration curves (Figure 3.5a – 3.5c). As can be seen, each membrane
displayed good linearity. The results from each membrane were also averaged to produce
an average calibration curve (Figure 3.5d). The validity of the calibration curve was
evaluated by electrospraying the 5 and 50 nM calibration solutions containing 10 nM
internal standard using two different Whatman membranes. The ratios of the signal
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intensities of analyte to internal standard were plugged back into the averaged calibration
curve and yielded concentrations of 6.3 and 64 nM for the 5 and 50 nM solutions,
respectively. Since these experiments were performed using new membranes, carry-over
should not have contributed to the increases in concentration. It is possible that possessing
greater control over membrane positioning relative to the MS inlet could result in greater
spray plume stability, and hence, more reproducible results.

Figure 3.5: (a-c) Calibration plots of MeOPhIMSA obtained after electrosprayed from
Whatman membranes. (d) Average calibration plot from the 3 membranes.

A final characterization experiment was performed by generating electrosprays
from Whatman membranes which had been previously used to filter whole blood. The
same solutions of MIMSA / PyMSA and MeOPhIMSA used previously were spiked onto
different Whatman membranes and mass spectra were acquired under CID conditions
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(Figure 3.6a - 3.6b). As noted previously, a de-clogging step was used to clear some of the
membrane prior to generating electrosprays. Despite the presence of residual particulates
from the filtering process, adequate signal intensities were obtained from both solutions.
A 6-fold decrease in overall signal intensity was observed compared to clean Whatman
membranes; however, even the 1 nM solution of MeOPh-IMSA could be clearly
differentiated from background spectra. Surprisingly, there did not appear to be any
significant isobaric interference in either spectrum.

It should be noted that several

membranes did exhibit significant clogging that prevented electrosprays from forming.
This problem could likely be alleviated by exploring a more rigorous de-clogging method.

Figure 3.6: Mass spectra of (a) MIMSA / PyMSA and (b) MeOPHIMSA salts obtained
after electrospraying from Whatman membranes previously used to filter whole blood.
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3.3.2

Release of Mass Labels from Nanoparticles
Two studies were performed to evaluate how efficiently MeOPhIMSA mass labels

could be released from nanoparticles. The first study was performed by releasing mass
labels in solution and then spiking the solution containing released mass labels onto a
membrane. As stated earlier, the imidazolium salts were conjugated to propylaminefunctionalized nanoparticles via an acetal bond. This bond is susceptible to degradation by
trifluoroacetic acid (TFA), which was used as the release reagent in these studies. An
initial CID mass spectrum was acquired by mixing 5 μL of a MeOPhIMSA-conjugated
nanoparticle solution and 10 μL of methanol in an Eppendorf tube. The solution was
briefly vortexed and spiked onto a clean Whatman membrane where an electrospray was
generated from the membrane (Figure 3.7a). Surprisingly, peaks at m/z 175 and 309 were
observed. These results were unexpected since methanol should not have caused the mass
labels to release from the nanoparticles. However, since the automatic gain control (AGC)
was left on for these experiments, the absolute intensities are not truly indicative of
concentration.
A true solution-based mass label release experiment was performed by mixing 5
μL of the MeOPhIMSA-conjugated nanoparticle solution with 10 μL of a 0.1% TFA in 4:1
methanol:water solution in an Eppendorf tube and electrospraying the solution from a clean
Whatman membrane.

Surprisingly, the mass spectra showed the presence of a

MeOPhIMSA molecular ion, but no noticeable fragment peak (Figure 3.7b). However,
when the concentration of TFA was increased to 1%, intense molecular ion and fragment
peaks were observed, indicating that at least some mass label was released from the
nanoparticles (Figure 3.7c). As will be discussed later, the nanoparticles obtained in this
study were not uniform in size, which makes calculating the maximum number of mass
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labels that could be released from a single nanoparticle difficult. However, this experiment
was merely meant to demonstrate that custom-synthesized mass labels could in fact be
released from nanoparticles and demonstrates this to a reasonable extent. It should also be
noted that the stabilities of different imidazolium-nanoparticle conjugates have previously
been shown to exhibit minimal degradation in solution over the course of one week, and
as such, no significant degradation was expected in these studies.147

Figure 3.7: CID mass spectra of MeOPhIMSA released from nanoparticles (top) in solution
and (bot) on top of Whatman membranes. Release studies were performed using (a,d)
methanol, (b,e) 0.1% TFA in 4:1 methanol:water, and (c,f) 1% TFA in 4:1 methanol:water.

The second of the two mass label release studies involved releasing mass labels
from nanoparticles directly on top of a membrane as opposed to in solution. It was
envisioned that performing release chemistry on the membrane would more easily enable
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automation compared to performing the chemistry in solution and then spiking that solution
onto a membrane. A blank experiment was performed by adding 5 μL of the nanoparticle
conjugate solution to a clean membrane followed immediately by the addition of 10 μL of
methanol (Figure 3.7d). As expected, no signal from mass label was observed. When a
0.1% TFA solution was mixed with the nanoparticle-conjugate solution on top of a
membrane, the mass spectra showed little difference compared to the methanol experiment
(Figure 3.7e). However, there were clearly discernable molecular ion and fragment peaks
when a 1% TFA solution was added to nanoparticle conjugates on top of a membrane. This
clearly indicated that some mass labels were released and demonstrates that a release
reagent concentration threshold must be met to achieve mass label release (Figure 3.7f). It
was surprising to see similar ion intensities for the molecular ion for the solution-based and
membrane-based release studies since mass action on the membranes is certainly lower
than in solution. Additional insights into the efficiency of mass action on the tops of
Whatman membranes might be obtainable by performing a study where release solution is
added to a membrane previously used to filter whole blood containing nanoparticleconjugates.

3.3.3

Characterization of Nanoparticle Size Distributions
Since the loading efficiencies of nanoparticles are dependent on their size, scanning

electron microscopy (SEM) was used to acquire images of unconjugated nanoparticles to
measure their sizes. Interestingly, the propylamine-functionalized silicon nanoparticles
showed a high degree of aggregation (Figure 3.8a). It is likely that nanoparticle aggregates
also existed in solution, which likely obstructed a certain number of binding sites on the
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surfaces of nanoparticles and decreased the total number of mass labels that can be
conjugated to any given nanoparticle. When zoomed-in SEM images of the nanoparticles
were acquired, the nanoparticles appeared nonuniform in size and displayed diameters
between about 100 nm and 1 μm (Figure 3.8b – 3.8d). It is likely that some of the
discrepancies in the signal intensities shown above resulted from the nonuniform
nanoparticles. To obtain reasonable nanoparticle loading efficiencies, it is necessary to
obtain particles which do not aggregate and are uniform in size.

Figure 3.8: Scanning electron microscopy images of propylamine-functionalized
nanoparticles showing significant aggregation and a wide distribution of sizes.
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3.4

Conclusions
The data presented here show that the first conjugation step in the formation of the

SIERRA complex can be successfully implemented using custom-synthesized
imidazolium salts and that it seems possible to electrospray mass labels from Whatman
membranes after releasing them from nanoparticles. The ability to generate electrosprays
directly from Whatman membranes previously used to filter whole blood eliminates any
need to prepare the membranes for MS analysis. Further study is needed to validate the
reproducibility of electrospraying from Whatman membranes. It would also be beneficial
to obtain uniformly-sized, nonaggregating nanoparticles so that the maximum number of
mass labels can be conjugated to each nanoparticle. Since the release chemistry explored
in this study was only from part of the SIERRA complex, a logical extension would be to
explore conjugation chemistry involving nanoparticles and magnetic particles, and
subsequently, magnetic particles to CTCs.
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DEVELOPMENT OF 3D PRINTED ION
MOBILITY SPECTROMETERS FOR SEPARATING IONS IN
THE OPEN AIR

4.1

Introduction
As stand-alone and hybrid instruments, ion mobility spectrometers (IMS) and mass

spectrometers (MS) have revolutionized the field of measurement science by enabling
extraordinary amounts of chemical information to be obtained on rapid timescales.148-151
IMS separates ions by size-to-charge and can resolve isomers, including lipids differing
only in acyl chain position,152 while MS separates ions by mass-to-charge and is known for
providing high sensitivity. Several different types of ion mobility spectrometers have been
coupled to MS systems. High resolving powers coming from drift tube (DT-IMS) systems
while high duty cycles come from differential mobility (DMS) and high field asymmetric
waveform spectrometers (FAIMS).88, 153 Some of the most recent IMS-MS couplings
include Waters’ traveling wave (TW-IMS) to a quadrupole time-of-flight154 and the
Fernandez labs’ dual-gated atmospheric pressure DT-IMS with an orbitrap.155
DT-IMS is the first and perhaps simplest ion mobility technique. In DT-IMS, a
small packet of ions is injected into a set of concentric ring electrodes where ions follow
an applied voltage gradient and separate due to collisions with background gas molecules
or a counter flow of gas.151, 154, 156-161 However, DT-IMS systems suffer from low duty
cycles due to this ion gating. Tabrizchi et al. were able to drastically improve the duty
cycles of DT-IMS systems by allowing ions to constantly traverse the drift tube and then
periodically disrupting the flow using an ‘inverse’ injection, causing notches to appear in
the ion stream which moved proportionally to the ions present.162, 163 Peak widths also
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narrowed due to ion diffusion into the notches; however, this resolution improvement only
worked when high ion fluxes were used.164 Alternatively, Fernandez-Lima et al. were able
to achieve resolutions over 50 by reversing the electric field and direction of counter flow
gas in a conventional DT-IMS, causing ions to be ‘trapped’ inside the IMS until they were
slowly eluted by lowering the electric field.165, 166
Often times pure nitrogen or helium gas is flowed against the path of ions to
improve separation, though some researchers use dopant vapors, including volatile alkanes
and alkenes, alcohols, acids, halogens, and ammonia to improve compound separation and
to suppress the ionization of background ions.167-169 DT-IMS is typically performed at
pressures of about 1 torr using these gasses, though studies by Davis et al. have shown that
higher pressures, including atmospheric, provide increased resolutions due to extra ionneutral collisions, albeit at the expense of ion transmission efficiency.170 A few reports of
air-based DT-IMS systems exist,171,

172

though most researchers use pure background

gasses to avoid exposing ions to water and to easily determine the gas’ number density.
In IMS, ions separate based on their collisional cross-sections (CCS), meaning
compact ions elute before elongated ions. An ion’s CCS in a DT-IMS is well-characterized
by the Mason-Schamp equation (Eq. 1):
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where Ω is CCS, z is the charge state of the ion, e is the fundamental charge on an electron,
k0 is the Boltzmann constant, T is the temperature inside the drift tube, μ is the reduced
mass of the ion and drift gas (massionmassgas/(massion+massgas)), P is pressure inside the
drift tube, Nd is the number density of the drift gas, and td is the ion’s drift time.173 Several
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databases containing CCS calculations have been created for a variety of compounds in
different drift gasses.114, 174-185 Another value, termed the reduced ion mobility (K0), is
used to standardize measurements obtained from different IMS systems to atmospheric
pressure and temperature conditions and is given by (Eq. 2):
P 273 L2 1
K0 ˙=
760 T V td

()

where L is the length of the drift tube and V is the voltage potential drop across the drift
tube.174, 186
Improvements to the resolution and transmission efficiency of DT-IMS systems
has been achieved by incorporating radiofrequency (Rf) voltages to provide radial
confinement.187, 188 However, the highest IMS resolving powers to date have been obtained
using the Structures for Lossless ion manipulations (SLIM) instrument at Pacific
Northwest National Laboratory.189, 190 The newest version of SLIM, serpentine ultralong
path with extended routing high resolution traveling wave ion mobility mass spectrometry
(SUPER-HR-TWIM-MS-SLIM), creates drift lengths hundreds of meters long by cycling
ions inside a 13.5 meter long, serpentine-like drift tube multiple times, providing
unparalleled resolving powers of around 340.191, 192
Portable IMS systems have enormous implications for the fields of forensics,
toxicology, safety, and environmental testing by allowing chemical analyses to be
performed in situ.169, 193 Gillig and coworkers were able to overcome the difficulties of
miniaturizing a DMS / FAIMS system by developing the periodic focusing differential
mobility analyzer (PFDMA), which functions by flowing a gas orthogonal to the direction
of ion motion and using a set of electrodes to create strong focusing and defocusing
fields.194 Ions defocused by the electrodes are deflected while ions ‘in sync’ with the
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periodic focusing and defocusing electric fields successfully pass through the tube and are
detected. As demonstrated by the wealth of information on different IMS analyzers, the
need for portable, high performing, easy-to-manufacture, and simple-to-use IMS systems
continues to grow.
This chapter encompasses progress made in the development of two such miniature
systems. Here, two fully functional, 3D-printed drift-tube ion mobility spectrometers that
operate in the open air are described and their performances discussed. The first IMS,
developed previously and optimized here, possessed ring-shaped electrodes and
incorporated a Faraday cup for ion detection. As will be shown, resolving powers of up to
50 could be achieved. However, since ions eluted within milliseconds of each other, this
IMS can only theoretically be coupled to fast scanning mass spectrometers, such as a timeof-flights (TOF). To overcome this problem, a second 3D-printed IMS possessing circularshaped electrodes and two ion gates was constructed. This second IMS operates by
scanning the second ion gate in the open air, similar to how a TOF-MS is operated, allowing
it to be coupled to mass spectrometers which operate at any scan speed. Resolving powers
of up to 45 were acquired with this second IMS. The portability of this IMS was evaluated
by performing experiments on both an ion trap and triple quadruple mass analyzer. Using
these 3D printed devices, insights into how ions can be manipulated in the open air were
gained and the advantages and disadvantages of doing so are discussed.
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4.2

4.2.1

Experimental Details

IMS Construction
Both plastic ion mobility spectrometers consisted of two identical housing pieces,

31 drift electrodes, and one focusing electrode, totaling 109 mm in length from the
extended end of the focusing electrode to back part of the final electrode (Figure 4.1).
Electrodes were 40 x 40 mm, 1.4 mm thick, and possessed a 10 mm x 10 mm rectangular
protrusion at the bottom with a 0.8 mm hole incorporated into it. The focusing electrode
also possessed a 30 mm extended cylinder on the front, which was used to confine
electrospray plumes. For the annular focusing IMS, 15 mm wide slits were used to guide
ions down the drift tube. For the second IMS, 7 mm circular apertures were incorporated
into the middle of the electrodes to establish a drift tube. Electrodes were placed into slits
incorporated into the housing, which acted to hold the electrodes in place and electrically
isolate them from each other. Electrodes were spaced at a 2.54 mm pitch, which was also
the pitch of the headers.
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Figure 4.1: Renderings of (a) the annular focusing 3D printed IMS, (b) focusing and drift
electrodes possessing ring-shaped openings, and (c) the individual housing pieces for the
IMS.

4.2.2

3D Printing Parameters
The procedure for printing plastic IMS components has been previously

described.92, 195 Briefly, models were generated in Autodesk Inventor and imported as
stereolithography files into a slicing software (Simplify3D, OH, USA). The slicing
software broke the model up into printable ‘layers’, which were then exported as gcode to
the 3D printer. The IMS housing was printed from a mixture of nonconductive polylactic
acid and polyhydroxyalkanoate (Colorfabb, Venlo, Netherlands) using a MendelMax 3
printer (Maker’s Tool Works, OK, USA).

The electrodes were printed from

polyethyleneteraphthalate glycol-modified polymer containing multiwalled carbon
nanotubes (3DXTech, MI, USA) using a modified Prusa i3 printer (Makerfarm, UT, USA).
Specific printing parameters used to construct the second IMS are provided for each printer
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(Table 4.1). The conductivity of each electrode was tested prior to installation into the IMS
by applying 3 kV to the rectangular protrusion of the electrode and measuring the voltage
at the opposite end of the electrode with a high voltage probe (P6015A, Tektronix, OR,
USA) and oscilloscope (TDS 2024C, Tektronix, OR, USA).

No voltage drop was

measured across any of the electrodes. It should be emphasized that a high extruder
temperature (265 ˚C) was necessary to generate electrically conductive electrodes.
Electrodes printed at lower extruder temperatures (e.g. 205 ˚C) were not conductive.

Table 4.1: 3D printing parameters for constructing the plastic ion mobility spectrometers.
Printer

Plastic

MM3

PLA/P
HA
PETGCNT

Prusa i3

Extruder
temperature
(˚C)
210

Bed
temperature
(˚C)
50

Nozzle
material

Nozzle
diameter
(mm)
0.4

265

80

Hardened
steel

Brass

0.25

Bed
adhesion
material
Polyvinyl
alcohol
Polyimide
tape

Layer
height
(mm)
0.20
0.10

Table 4.2: Operating parameters for the annular and circular focusing plastic IMS systems.
Parameter:
Inj. Rate
Focusing
G1 High
G1 Low
Drift High
Drift Low
G2 High
G2 Low
Cap V
Cap T
Tube Lens

Annular IMS
10 Hz
3000 V
2500 V
2375 V
2400 V
200 V
------

Circular IMS
10 Hz
3500 V
2900 V
2600 V
2800 V
200 V
500 or 1500 V
100 V
15 V (IT & QQQ)
250 (IT & QQQ)
15 V (IT), 45 V (QQQ)
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4.2.3

Electronics
The voltages used for each IMS are given in Table 4.2. Voltage divider circuits

were constructed by soldering 10-kΩ precision resistors and gold-plated headers onto a
solderable breadboard (Mouser Electronics, TX, USA). Electrical contact to an IMS was
made by inserting the gold-plated headers into holes located in the rectangular protrusions
of the electrodes. In the annular focusing IMS, an injection region was created by placing
steel meshes (67% transmission, E-Fab, CA, USA) into contact with the 1st and 2nd
electrodes. In the circular focusing IMS, two injection regions were created by placing
steel meshes (40-mesh, 66% transmission, E-Fab, CA, USA) into contact with the 1st, 2nd,
30th, and 31st electrodes (Figure 4.2). All meshes were carefully aligned to allow for
maximum ion transmission. The gating electrodes were the 1st and 31st electrodes. The
first ion gate was controlled by a Behlke high voltage switch (GHTS 60A, MA, USA) and
the second by a high voltage pulse generator (Directed Energy Inc., PVX-4150, CO, USA).
Voltage was supplied to the focusing electrode, first ion gate, and drift electrodes by
custom high voltage power supplies while a Spectrum Solutions power supply (TD-500,
PA, USA) provided voltage to the second ion gate. A precision square wave generator
operating at 10 Hz (Model DG535, Stanford Research Systems, CA, USA) generated the
square waves used in both IMS systems.
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Figure 4.2: Illustration of a plastic ion mobility spectrometer possessing two ion gates. Ion
injection was performed by floating the square wave applied to the first ion gate high for
0.30 to 1.00 ms. The second ion gate was held at a high potential for most of the injection
cycle and was only lowered for a brief period of time to allow parts of ion packets through
to the mass spectrometer. The delay time (tdelay) could be altered to provide the IMS with
scanning capabilities (insets), allowing the IMS to be coupled to any mass analyzer.

Ions were injected into both IMS systems by floating the square wave applied to
the first ion gate high for 0.1 to 1.0 ms, followed by lowering it for the remainder of the
injection cycle (Figure 4.2, orange trace). Normally, ions would follow a voltage gradient
down the drift tube to a detector. However, in the circular focusing IMS, a second ion gate
was incorporated and held at a higher potential than the last drift electrode for most of the
injection cycle, preventing ions from passing (Figure 4.2, blue trace). A short time after
ions were injected into the drift region (tdelay), the potential on the second gate was lowered,
allowing ions from part of an eluting peak to pass for 1 – 2 ms (Figure 4.2, i). The potential
on the second gate was then raised, once again preventing ions from passing. Drift time
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was defined as the time when the voltage applied to the second gate was raised. The delay
time was incremented in small intervals (e.g. 0.1 ms) to allow different parts of a single
peak to be sampled (Figure 4.2, ii) and could be ramped all the way through the entire
injection cycle, allowing all eluting peaks to be sampled. A recent study uses a very similar
mode of operation for coupling a DT-IMS to an orbitrap.155

4.2.4

Data Analysis
For the annular focusing IMS, IMS spectra were averages of 128 scans and

incorporated a background subtraction. The oscilloscope used to monitor ion signals saved
spectra as .csv files, which were exported to Matlab and replotted. It should be noted that
the x-axis in all spectra for the annular focusing IMS study ranged from 2 ms to 90 ms to
avoid showing electrical interference from the ion injection waveform, which would have
otherwise dwarfed the ion signals. Data was smoothed using a 3-point centered moving
average. For the circular focusing IMS-MS experiments, fifty to one hundred mass spectra
were collected at each increment and averaged in XCalibur. Exact mass and intensity
values were organized in Excel and imported into Matlab. Individual m/z intensities were
extracted at each increment value using a 1 m/z width (e.g. m/z 136 ± 0.5) and were plotted
against drift time. Again, drift time was defined as the end width value of the second ion
gate’s injection time (tdelay). Gaussians were fit to the raw data from both IMS systems
using the polyfit function in Matlab where full-width at half-max (FWHM) values were
obtained. In some cases for the IMS-MS study, a 2-point rolling average was used to
smooth data. It should be noted that fitting Gaussians to the rolling averaged data almost
always resulted in lower resolving powers than would otherwise be acquired if the raw data
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was fit using the same Gaussian parameters; however, several raw peaks in the IMS-MS
study could not be fit without the use of a rolling average.

4.2.5

Electrospray Ionization and Mass Spectrometry Parameters
Nanospray emitters were pulled from borosilicate glass capillaries (Sutter

Instruments, CA) using a Sutter micropipette puller (Model P-97, Sutter Instruments, CA).
All nanospray tip outer diameters were 3 - 5 μm. A 0.51 mm platinum, 10% iridium wire
(California Fine Wire Company, CA, USA) was used to supply voltage to the solutions.
For the IMS-MS study, nanospray emitters were positioned at off-normal angles to the ion
mobility spectrometer to avoid neutral transmission. Mass analysis was performed using
a benchtop linear quadrupole ion trap (LTQ, Thermo Fisher, CA, USA) and a benchtop
triple quadrupole (TSQ, Thermo Fisher, CA, USA). The capillary voltage, tube lens
voltage, and capillary temperature on the ion trap were 15 V, 65 V, and 250 ˚C, respectively.
A 45 V tube lens was used on the triple quadrupole. The injection time of the ion trap was
set to 100 ms, which corresponded to a scan time of between 150 to 200 ms, depending on
the mass range used. This scan time was slower than the ion injection rate of the IMS. The
automatic gain control on the ion trap was also turned off. The triple quadrupole was
operated in SIM mode using a 100 ms scan time.

4.2.6

Chemicals
Tetraalkylammonium bromide salts (TAAs; C2, C3, C4, C5, C6, C7, C8),

benzylamines, sodium alkyl sulfates (C12, C14, C16), angiotensin II, and bradykinin acetate
salt were purchased from Sigma (Sigma-Aldrich, MO, USA).

A 200 μM equimolar
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solution of the seven tetraalkylammonium bromide salts was prepared in acetonitrile. Each
salt was placed in a dessicator for at least 24 hours prior to making the solution to prevent
water uptake. All illicit drugs were purchased from Cerilliant (Cerilliant, TX, USA).
Amphetamines, haloperidol, and all fentanyls were purchased as 100 ppm methanolic
solutions and were diluted to 10 mg/mL in methanol. The amphetamine solution used in
the IMS-MS experiments contained amphetamine (AM), methamphetamine (MA), paramethoxyamphetamine

(PMA)

methylenedioxymethamphetamine

,3,4-methylenedioxyamphetamine
(MDMA),

and

(MDA),

3,4-

3,4-methylenedioxy-N-

ethylamphetamine (MDEA). The fentanyl solution contained norcarfentanil, fentanyl,
furanyl fentanyl, sufentanil, and alfentanil.

Stock solutions of angiotensin II and

bradykinin acetate salt were prepared at 2 mM in 2:1 methanol:water. A 1 mM equimolar
working solution of the peptides was prepared by adding 50 μL of each stock solution and
adding 10 μL of 10% acetic acid in 2:1 methanol:water.

4.3

4.3.1

Results and Discussion

Performance of the Annular Focusing IMS
Initial experiments for the annular focusing IMS were performed by nanospraying

solutions of tetraalkylammonium bromide salts (Figure 4.3a), illicit drugs (Figure 4.3b),
and benzylamines (Figure 4.3c). Each spectrum shown is the average of 128 scans and
was acquired in positive ion mode using a 0.30 ms injection time. Nanosprays were
equilibrated for several minutes prior to data acquisition. As can be seen, baseline
separation was readily achieved for the TAAs. Although the TAAs were prepared at
equimolar concentration, the smaller TAAs were noticeably higher in intensity than the
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larger TAAs. The decrease in intensity for larger ions is presumably because larger ions
are less efficiently injected into the drift tube. Peaks from the illicit drug and benzylamine
solutions were resolvable, though a significant amount of peak tailing was observed,
presumably due to inadequate desolvation and/or ion-dipole interactions with ambient
water. The peak eluting at 17-18 ms in the drug and benzylamine samples is attributed to
formic acid clusters. A spectrum was also acquired in negative ion mode using a mixture
of sodium alkyl sulfates (Figure 4.3d). Interestingly, the mixture was supposed to only
contain C12, C14, and C16 SASs. However, a fourth peak was also resolved in the IMS
spectrum and was later confirmed by mass spec to be a C18 SAS impurity from the C16
sample.
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Figure 4.3: Averaged ion mobility spectra of (a) tetraalkylammonium cations, (b) illicit
drugs, (c) benzylamines, and (d) sodium alkyl sulfates. The sulfates were analyzed in
negative ion mode. Each spectrum was the result of 128 individual scans. Spectra were
acquired using the annular focusing IMS and a Faraday cup detector.

Figure 4.4: Effects of injection time on the ion mobility spectra of (a) TAA cations, (b)
illicit drugs, (c) benzylamines, and (d) sodium alkyl sulfates.
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Figure 4.5: Overlaid mobility spectra showing the effect of spray voltage on the peak
shapes of a 100μM mixture of TAA cations using the annular focusing IMS and a Faraday
cup detector. The injection time was kept constant at 0.5ms.

Figure 4.6: Resolving power plots of (a) TAAs, (b) illicit drugs, (c) benzylamines, and (d)
sodium alkyl sulfates resulting from the annular focusing IMS with a Faraday cup detector.
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The performance of the IMS was further tested by acquiring spectra using different
injection times (Figure 4.4a – 4.4d). Spectra of each set of compounds taken at different
injection times showed increased peak width, peak height, baseline, and mean drift time
with increasing injection time, as is common with drift tube IMS systems. Similar trends
were obtained when the nanospray voltage was systematically changed from 4.0 to 5.5 kV
(Figure 4.5). Resolving powers were calculated by fitting each peak to a Gaussian function
in Matlab, which were then plotted as a function of injection time (Figure 4.6a – 4.6d). The
best resolving powers were obtained when injection time was the lowest. Resolving
powers of between 24 and 50 were obtained in positive ion mode and between 29 and 42
in negative ion mode. The highest resolving powers were obtained for the TAAs, which
were in the forties, and probably resulted from the tendency of TAAs to avoid
intermolecular clustering and clustering with water.
Reduced ion mobilities of TAA cations (C2 – C8) were calculated at 14% relative
humidity in air using the reduced Mason-Schamp equation to be 1.36, 1.18, 1.03, 0.90,
0.80, 0.73, and 0.67, respectively (Table 4.3, col 2). These values were lower than literature
values obtained using instruments that operated under vacuum and with either nitrogen or
helium drift gases (Table 4.3, col 3). The difference is attributed mostly to humidity. To
produce accurate reduced mobility values, calibrations were performed using individual
TAAs to calibrate the others (Table 4.3, col 4 – 10). Values in red indicate mobility values
which fall outside of a literature accepted value by ± 0.02 ms.196 As can be seen, the best
calibrants were the C5 and C6 TAAs, likely because they did not suffer from interactions
with water like C2 and C3, and probably because their masses were in the middle of the
masses tested.
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Table 4.3: Calculated reduced ion mobilities obtained from individual solutions of TAA
salts and calibrated reduced ion mobilities obtained using different TAA cations as
calibrants.
K0

K0

K0

K0

K0

K0

K0

using
C2

using
C3

using
C4

using
C5

using
C6

using
C7

using
C8

1.88

1.88

1.80

1.76

1.74

1.73

1.73

1.72

1.18

1.56

1.63

1.56

1.53

1.51

1.50

1.50

1.49

C4

1.03

1.33

1.42

1.36

1.33

1.31

1.31

1.30

1.29

C5

0.90

1.15

1.24

1.19

1.17

1.15

1.14

1.14

1.13

C6

0.80

1.02

1.11

1.06

1.04

1.03

1.02

1.02

1.01

C7

0.73

0.92

1.00

0.96

0.94

0.93

0.92

0.92

0.91

C8

0.67

0.84

0.92

0.88

0.86

0.85

0.85

0.84

0.84

TAA

K0meas

Lit.
K0196

C2

1.36

C3

*red = out of acceptable error range based on ±0.02ms

Another characterization experiment was performed by reversing the injection
waveform applied to the annular focusing IMS and operating it as an inverse ion mobility
spectrometer. The solution of TAA cations was again used in this study. Dips in ion
signals were clearly observed when operating in inverse IMS mode (Figure 4.7, blue trace).
An IMS spectrum acquired under normal injection conditions is given for comparison
(Figure 4.7, orange trace).

There was a difference in drift times between the two

experiments which can be attributed to collecting the data on two different days.
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Figure 4.7: Inverse IMS spectrum acquired using an annular focusing plastic IMS (blue
trace) and a normal IMS spectrum for comparison (orange trace).

4.3.2

Effects of Water in the Ion Source
As noted earlier, nanosprays were equilibrated for several minutes because peak

intensity profiles at the beginning of some experiments (Figure 4.8a) were different than
the profiles obtained after about 5 minutes of nanospraying (Figure 4.8b). Through mass
spectrometric experimentation, it is known that small amounts of water are present in an
electrospray solution, regardless of reported solvent purity, and can influence the ionization
efficiencies of some analytes.

However, in an electrospray experiment, water is

electrolyzed and depleted over time. Thus, it is believed the change in collective peak
profile shape is due to the depletion of water over time. This means that the smaller TAAs,
namely the C2 and C3 cations, are more affected by water than the other, larger cations.
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Figure 4.8: IMS spectra acquired (a) immediately after initiating nanospray and (b) after
nanospraying for 5 minutes using a 5.0 ± 0.5 μm o.d. nanospray emitter. (c) IMS spectrum
acquired using a 2.0 ± 0.5 μm o.d. nanospray emitter and a circular focusing IMS with a
Faraday cup detector.

It is also possible that droplet size plays a role in the extent to which droplets can
desolvate. Large electrosprayed droplets may not fully desolvate in a sufficient amount of
time before ions reach the detector. Therefore, smaller electrosprayed droplets should
desolvate to a fuller extent than their larger counterparts. It is known that nanospray
emitters possessing smaller o.d. tips produce smaller droplets than tips with larger
diameters. Using this information, an IMS experiment was performed in which the same
TAA solution used previously was electrosprayed using a 2.0 ± 0.5 μm o.d. nanospray
emitter (Figure 4.8c). As can be seen, the spectrum obtained using the small o.d. nanospray
emitter mirrored the spectrum obtained after equilibrating a larger o.d. nanospray emitter
for several minutes. However, this experiment is preliminary, and more experimentation
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is needed to confirm these results. One such confirmatory experiment would be to add
different amounts of water to the solution and observe how long it takes to obtain an
equilibrated spectrum versus using a small o.d. nanospray emitter. It should be noted this
study was performed using the second IMS without the second gate added, not the annular
focusing IMS. However, no significant differences between the two systems is expected.

4.3.3

Humidity Effects in the Annular Focusing IMS Drift Tube
To investigate the effects of ambient water inside the IMS, a new detector and

detector housing (Figure 4.9) were constructed to allow a nitrogen drift gas to flow into the
path of the incoming ions. Note the slits in the housing allow nitrogen to pass into the IMS
in a ring shape, which mirrors the shape with which ions traverse the IMS. Different gas
flow rates were used to observe the effect on the separation of TAA cations (Figure 4.10a
– 4.10c). As can be seen, the background rises significantly as the gas flow rate is increased.
Unexpectedly, instead of providing a counter force to the motion of the ions, the nitrogen
gas caused the drift times of the TAA cations to decrease, not increase. The effect was
most prominent for the smaller TAA cations (e.g. C2 and C3) and lesser for the larger TAA
cations (e.g. C7 and C8) (Table 4.4). It is known that high humidity levels can cause ion
drift times to increase.89 One explanation for the decrease in drift time observed in the
experiments here is that instead of establishing a counter-flow gas, the nitrogen merely
acted to dry out the drift cell to some degree. By removing some of the humidity, the ions
could move more freely through the drift cell, thereby lowing their drift times and
improving their reduced mobility values.
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Figure 4.9: Front and back renderings of the altered Faraday cup detector housing used for
introducing a drift gas into the annular focusing IMS.

Figure 4.10: Averaged IMS spectra of TAAs acquired at (a) 0 L/min, (b) 0.6 L/min, and (c)
1.2 L/min of a nitrogen drift gas introduced into the annular focusing IMS using the altered
housing shown in Figure 4.9.

Table 4.4: Mean drift times acquired for TAAs at different gas flow rates.
Gas flow
(L/min)
0.0
0.6
1.2

C drift

C drift

C drift

C drift

C drift

C drift

C drift

time
(ms)
18.5
17.2
16.7

time
(ms)
20.7
19.5
19.4

time
(ms)
23.3
22.5
22.5

time
(ms)
26.5
25.8
25.9

time
(ms)
29.6
29.1
29.1

time
(ms)
32.6
32.2
32.2

time
(ms)
35.4
35.1
35.0

2

3

4

5

6

7

8
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4.3.4

Performance of IMS-MS using an Ion Trap
Initial experiments were performed by placing the plastic, dual-gated IMS in front

of a linear ion trap mass spectrometer and nanospraying a mixture of seven different TAA
bromide salts (C2 – C8). To generate an IMS chromatogram, the delay time of the second
ion gate was incremented in 0.1 ms steps from 10 – 26 ms. One hundred full scan mass
spectra were obtained at each increment. Then, the absolute intensities of each TAA at
each increment were extracted and plotted versus drift time, allowing an IMS
chromatogram to be reconstructed from mass spectra (Figure 4.11a). The reconstructed
chromatogram showed baseline separation between all seven cations. The peak splitting
in the raw data is attributable to fluctuations in the MS signal and would likely be averaged
out if more scans were acquired at each increment.

Figure 4.11: (a) Reconstructed IMS spectra of TAA cations acquired using a dual gate,
plastic IMS. The raw data was (b) subjected to a 2-pt rolling average and fit to Gaussian
functions to obtain resolving power measurements. (c) Overlaid mass spectra acquired at
the drift times when each ion’s intensity was highest. (d) Mass spectrum acquired using
nanospray without the IMS in front of the inlet.
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Resolving powers were calculated for each TAA by fitting the data to Gaussians
and using the equation Rp = tdrift / FWHM, similar to above (Figure 4.11b). Average
resolving powers were typically around 33.5 when low injection times were used. Higher
resolving powers were usually calculated for the larger TAAs compared to the smaller
TAAs. Interestingly, the collective peak profile of the TAAs appeared Gaussian. The
decrease in larger m/z signal is attributable to the first ion gate, as mentioned previously.195
However, unlike the other plastic IMS, the smaller TAAs here had lower signal intensities
compared to the larger TAAs, which seemed to cause their resolutions to be lower. It was
noticed that the transmission efficiencies of smaller ions, such as the C2 ion, were greatly
affected by the atmospheric pressure interface (API) of the mass spectrometer. Mass
spectra obtained with and without the IMS present in front of the mass spectrometer
showed little difference in the collective profile of the TAA peaks, indicating that
significant losses of small ions are likely a result of the API (Figure 4.11c – 4.11d).
However, space charging could have been occurring inside the IMS, which would affect
the smaller ions the most due to their lower momenta. Electrodes with larger inner
diameters would likely correct this.
Experiments were also performed to evaluate how changing the injection times of
both gates in the IMS and the voltage applied to the second ion gate affected ion separation
and resolution. All tests were performed using the 200 μM solution of TAAs as mentioned
previously. Injection time experiments were obtained using the same nanospray emitter;
i.e., all results for the first ion gate injection time study came from one emitter, and all
results for the second ion gate injection time study came from a different emitter. After
varying the first ion gate’s injection time from 0.30 to 0.65 to 1.00 ms while keeping the
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second ion gate’s injection time at 1.00 ms, peaks became wider and more intense for all
seven TAAs (Figure 4.12a).

However, the mean drift time of each TAA did not

significantly change. Alternatively, a shift in the mean drift times of every TAA was
observed when the injection time of the second ion gate was varied while holding the first
at 0.65 ms (Figure 4.12b). It was not possible to observe ion signals when injection times
below 0.30 ms were used for the first ion gate or 1.00 ms for the second ion gate. Resolving
powers for each set of injection times were calculated and plotted versus TAA chain length
(Figure 4.13a - 4.13b). As expected, the highest resolving powers were obtained when the
lowest injection times were used for both ion gates. A final validation experiment was
performed by varying the high voltage applied to the second ion gate (Figure 4.12c).
Applying a 1.5 kV potential caused peaks to be lower in intensity compared to when a 500
V potential was applied. Interestingly, the resolving powers calculated for both potentials
did not appear to be drastically different from one another (Figure 4.13c). It might be
possible that these voltage effects are more prominent for ions larger than the TAAs studied
here.
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Figure 4.12: Overlaid IMS spectra of TAAs acquired by varying the injection times of the
(a) first and (b) second ion gates. The injection times of the second and first ion gates were
kept constant at 1.00 and 0.50 ms, respectively, while the injection time of the other ion
gate was varied. (c) Overlaid IMS spectra acquired by varying the high voltage applied to
the second ion gate. The first and second ion gate injection times for the G2 voltage study
were 0.65 and 1.00 ms, respectively.
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Figure 4.13: Plots of resolving powers obtained for TAAs after varying the injection times
of the (a) first and (b) second ion gate and (c) the voltage applied to the second ion gate.

4.3.5

IMS-MS Separation of Illicit Drug Solutions and Biological Samples
One of the most common uses of ion mobility spectrometry is for the analysis of

illicit drug samples. To evaluate how well the system developed here compares to other
systems, mixtures of amphetamines and fentanyls were introduced into the IMS. Both
analyte solutions were analyzed using 0.5 and 1.0 ms injection times for the first and second
ion gates, respectively, and a 0.1 ms step size for the second ion gate. Out of the six
amphetamines present in the amphetamine solution, it was possible to observe two very
distinct clusters of compounds from the raw data (Figure 4.14a). The amphetamines did
tend to have tails on their back ends, suggesting interactions with ambient water inside the
IMS. Despite the presence of water, Gaussian fits to the data were generated (Figure 4.14b)
and normalized plots of the Gaussian fitted data were generated to better visualize the
separation of the drugs (Figure 4.14c).
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Perhaps the most striking feature of the amphetamine sample is the apparent elution
of methamphetamine before amphetamine, even though it is only a slight difference. The
order of this separation was reproduced multiple times. It might be that amphetamine is
slightly more polarizable than methamphetamine, and since the analytes encountered
oxygen and water inside the air-based drift tube, amphetamine may have experienced a
greater ion-dipole interaction, thereby causing it to experience drag. A similar trend was
observed for MDA, MDMA, and MDEA, with MDA eluting last. Again, perhaps iondipole interactions contribute to this separation. However, since MDMA was the first to
elute out of these three compounds, this might mean the presence of a methyl group in
MDMA greatly reduces the magnitude of such interactions.
The fentanyl solution provided much clearer separation between analytes (Figure
4.14d). Gaussian fits and normalized Gaussian fits showed that the five fentanyls present
in the solution were resolved, though not at baseline resolution (Figure 4.14e - 4.14f).
Norcarfentil yielded a relatively low signal intensity compared to the other fentanyls,
possibly due to space charging. Interestingly, sufentanil (m/z 387, purple trace) always
eluted before furanylfentanyl (m/z 375, blue trace) in multiple experiments. Based on the
structures of the two compounds (Figure 4.15), it seems reasonable to suggest that
furanylfentanyl possess a larger collisional cross section than sufentanil due to (1) the
presence of a benzyl ring compared to a thiophene ring at the same location, and (2) the
presence of a furanyl group compared to an ether and ethyl group. Theoretical calculations
would yield more information.
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Figure 4.14: Overlaid IMS spectra of 1 mM solutions of (a) amphetamines and (d)
fentanyls, (b,e) their respective Gaussian fits, and (c,f) and normalized Gaussian spectra
shown to aid in observing separations.

Figure 4.15: Chemical structures of selected fentanyls and fentanils.
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Lastly, the ability of the plastic IMS to analyze biological samples was tested by
nanospraying a 1 mM equimolar solution of angiotensin II and bradykinin. Spectra were
acquired using 1 and 2 ms injection times for the first and second ion gates, respectively.
An IMS spectrum of the +2 charge states of both peptides vaguely shows bradykinin
eluting before angiotensin II, though the separation is quite minor (Figure 4.16a).
Literature references suggest that the +2 charge states of angiotensin II and bradykinin
possess very similar collisional cross sections.174 The +1 charge states of both peptides
were also observed during analysis (Figure 4.16b). The mass spectrum was acquired using
an injection width ranging from 14 to 36 ms, meaning the gate was low before any peaks
eluted and high well after all peaks had eluted. However, the +1 charge states were too
low in intensity to be plotted in an IMS spectrum. This data suggests that the IMS can pass
a full range of m/z values.

Figure 4.16: (a) Ion mobility spectra of angiotensin II and bradykinin and (b) a mass
spectrum acquired when the second ion gate allowed all ions to pass into the mass
spectrometer without gating.
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4.3.6

Performance of IMS on a Triple Quadrupole Mass Analyzer
Since the air-based plastic IMS can be scanned, it can theoretically be coupled to

any mass analyzer possessing any scan speed. This theory was tested by coupling the IMS
to a benchtop triple quadrupole and nanospraying the same 200 μM solution of TAAs used
previously. The injection times used were 0.5 and 2.00 ms for the first and second ion
gates, respectively. Single ion monitoring (SIM) mode was also used instead of full scan
to improve signal intensities. The raw data acquired using the triple quadrupole essentially
mirror the data acquired using the ion trap (Figure 4.17a). One difference is that peak
fronting was observed for every TAA, attributable to saturation inside the IMS and
subsequent space charging. Gaussian fits of the data and subsequent resolving power
calculations showed that the IMS performs comparably when coupled to two completely
different mass analyzers (Figure 4.17b). It should be noted however that the drift times of
compounds were not always consistent between days and even experiments. Varying
positions of the nanospray emitter and distances between the IMS and MS inlet are the
most likely culprits, and therefore prevent reasonable reduced mobility values from being
calculated. These discrepancies however should be fixable in future experiments.
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Figure 4.17: (a) Raw and (b) Gaussian fitted ion mobility spectra of TAAs acquired using
a triple quadruople mass analyzer.

4.4

Conclusions
The experiments described here showcase the ability of 3D printed plastic drift tube

ion mobility systems to be used for chemical analysis with performances on par with
conventionally manufactured systems. The ability to rapidly create and efficiently couple
these devices to the front end of any mass spectrometer should provide researchers desiring
high quality ion mobility separations a means of doing so. It should be possible to improve
the performance of the circular focusing IMS by increasing the inner diameters of the
electrodes to minimize space charging. Since the IMS systems presented here are about
half as long conventional drift tubes, an obvious way to improve resolving power is to
double the drift tube length, which should be quite doable using the 3D printers described
in this study. Another way to improve performance is to focus ions radially, which
currently isn’t performed in the open air because radiofrequency voltages do not cause
sufficient radial confinement at atmospheric pressure. Therefore, probing how to how to
radially confine ions using only DC voltages is tremendously interesting. Simulations
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previously performed in SIMION have indicated that some amount of radial confinement
occurs when ions are bent around turns in the open air using only DC voltages. Success
here would mean that high voltage radio frequencies, which have minimal if any effect at
atmospheric pressure, need not be used at higher pressures for radial confinement.
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SIZING ELECTROSPRAYED DROPLETS
SMALLER THAN THE DIFFRACTION LIMIT OF LIGHT
USING STRUCTURED ILLUMINATION MICROSCOPY

5.1

Introduction
Electrospray ionization (ESI) has revolutionized the way mass spectrometry is

performed in the modern age.33, 34, 197, 198 In ESI, electrically charged droplets are generated
in the open air by applying a high voltage to a sharp emitter filled with an analytecontaining solution where they undergo successive solvent evaporation and Coulombic
fission events to yield desolvated ions.38, 199 The size of an electrosprayed droplet is known
to play a crucial role in an analyte’s ionization efficiency and salt tolerance.48, 49, 52, 115, 200202

Over the past few years, some research has indicated that the speed of a reaction

occurring inside an electrosprayed droplet is affected by the droplet’s initial size.68, 74-76, 81
These studies suggests that much about the fundamentals of ion formation in
electrosprayed droplets remains to be explored, especially at the very last stages of ion
formation when droplets are very small (< 100 nm in diameter).
The physical properties of electrosprayed droplets and aerosols have long been
probed using light scattering techniques, such as laser Doppler anemometry (LDA),203, 204
where particles pass through a diffraction pattern of known spacing created by the
interference of two laser beams, allowing for velocity measurements. A variant of LDA,
phase Doppler anemometry (PDA), enables size measurements by using two or more
detectors placed at known positions to measure phase differences in the light reflected from
moving particles.72, 205 PDA measurements have been performed on both conventional
electrosprayed droplets and paper sprayed droplets, which led to mechanistic information
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on paper spray ionization.36,

56

Beauchamp et al. used PDA in combination with an

electrostatic drift cell to measure the size, lifetime, and charge on electrosprayed droplets
by periodically reversing the potential in the drift cell, causing the droplets to oscillate in a
‘ping pong’ manner.37 However, size measurements performed using light scattering are
diffraction limited and therefore cannot be used to accurately measure the sizes of particles,
droplets, or droplet splashes smaller than about 400 nm in diameter.
Measuring the sizes of electrosprayed droplets smaller than the diffraction limit of
light has long been a desired goal of researchers. Ku et al. used transmission electron
microscopy (TEM) to directly measure the sizes of electrosprayed glycerol droplets after
depositing them onto a TEM grid using different flow rates.206,

207

Correlations to

aerodynamic particle sizing measurements were drawn to showcase the method’s accuracy.
Alternatively, an indirect droplet sizing method was developed by Chen et al. where
solutions containing sucrose were electrosprayed into a scanning mobility particle sizer,
which contains a differential mobility spectrometer (DMS) and condensation particle
counter (CPC).208 When droplets evaporated, they yielded sucrose clusters whose size
depended on the initial size of the evaporating droplet. The sucrose clusters were selected
based on their mobility using the DMS and grown into detectable water droplets in the CPC
where the number of droplets detected could be correlated the mobility measured using the
DMS. A particular implementation of this method was used by Davidson et al. to describe
nonspecific protein aggregation in different sized nanospray droplets.50
To date, no explicit correlation has been drawn between reaction rate and droplet
size to date. To begin to answer this question, a sensitive and accurate method for
measuring the sizes of very small electrosprayed droplets is needed. Described herein is
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the development of a method capable of measuring such small droplets using 3D structured
illumination microscopy (3D SIM), a form of super resolution fluorescence microscopy.
Droplets produced by paper spray were compared to previous results obtained using phase
Doppler anemometry and showed good correlation while new size information about
nanosprayed droplets was gained. Parameters for reproducibly generating different sized
droplets were explored and included varying solvent composition, nanospray tip diameter,
and spray voltage. The viability of using this method for correlating reaction rates
occurring inside different sized electrosprayed droplets is demonstrated.

5.2

5.2.1

Experimental Details

Electrospray Ionization Parameters
The experiments described here were performed by depositing electrosprayed

droplets onto the tops of indium-tin-oxide (ITO) microscope coverslips (~0.16 mm
thickness, NanoCS, NY, USA) in short bursts. These bursts were generated by using a
waveform generator to trigger 10 to 30 ms single high voltage pulses from a high voltage
power supply (Model 610E-G-CE, Trek Inc., NJ, USA), which was connected to either a
paper spray triangle or a nanospray emitter (Figure 5.1). All depositions were performed
above the microscope objective. Paper spray triangles were cut by hand from Whatman
#1 paper using regular scissors. A micropipette puller (Model P-97, Sutter Instruments,
CA, USA) was used to pull borosilicate glass capillaries (0.86 mm i.d., Sutter Instruments,
CA, USA) into nanospray emitters with various outer diameters (o.d.s). A Kronos light
microscope fitted with a scale bar was used to measure the o.d.s of nanospray emitters by
eye. The error in the o.d.s of all emitters was ± 0.5 μm. All electrospray sources were held
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in place using custom 3D printed holders. A laboratory jack with a mounted precision xyz
stage was used to control the position of each electrospray emitter with 100 μm precision.
The ITO coverslips were held flat against the microscope objective using a custom 3D
printed holder.

Figure 5.1: Diagram of the apparatus used to measure the sizes of electrosprayed droplets
by structured illumination microscopy.

5.2.2

Microscopy Parameters
A Nikon Ti-E super resolution fluorescence microscope operating in 3D structured

illumination mode (3D SIM) was used to acquire images of deposited electrosprayed
droplets (Nikon Instruments Inc., NY, USA). A detailed discussion on the operation of 3D
SIM is given in Chapter 1. Different sections of the microscope slide were imaged by
moving the microscope’s 2D stage, which was controlled by precision stepper motors.
Each image was 32.8 x 32.8 μm. The microscope was focused using Nikon’s ‘Perfect
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Focus’. Occasionally, small adjustments in focus (z-axis) were made manually after using
the Perfect Focus option. The microscope was equipped with a 561 nm laser for exciting
fluorophores in the droplets. A 100x, oil-based objective (Nikon Apo TIRF 100x/1.49,
Nikon Instruments Inc., NY, USA) was used to focus the light from the laser onto the
microscope coverslips. Light emitted from the fluorophores passed back through the
objective, was filtered by dichroic and emission filters, focused using a supplemental 2.5x
focusing lens, and detected using a CCD detector (Model iXon Ultra 897, Andor, Belfast,
UK) with the electron multiplier turned OFF. The total amount of focusing was 250x. The
electron multiplier was kept off to minimize background interference, which also resulted
in reductions in droplet signals. However, high concentrations of fluorophore were used
to compensate.

5.2.3

Chemicals and Supplies
Solutions of 1 mM rhodamine B were prepared in different ratios of methanol to

glycerol. All chemicals were purchased from Sigma Aldrich (Sigma-Aldrich, MO, USA)
or Fisher Chemical (Fisher Chemical, NJ, USA). The ITO coverslips were rigorously
cleaned to remove background contaminants and auto-fluorescing material by rinsing the
coverslips with acetone, sonicating in acetone, rinsing with methanol, and sonicating
methanol. The coverslips were stored in a dessicator prior to use. Sets of different sized
fluorescent nanoparticle standards containing Nile red (Nominal diameters: 0.25, 0.53,
0.84, Spherotech, IL, USA) were used to confirm the accuracy of the droplet detection
method and were prepared by diluting each set 1000x in water.
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5.3

5.3.1

Results and Discussion

Size Distributions of Paper Sprayed Droplets

5.3.1.1 Effect of Solvent Composition
The droplet sizing method was first evaluated by paper spraying a 100 μM solution
of rhodamine B in 100% glycerol onto a conductive microscope coverslip at a 3.0 ± 0.5
mm tip-to-surface distance. Glycerol was used to prevent droplets from evaporating and
to help droplets maintain their shape after deposition. A single high voltage pulse (10 - 30
ms) was used to generate droplets instead of a continuous spray to prevent droplets from
agglomerating on the microscope coverslip surface. After deposition, super resolution
images of the paper sprayed droplets at different positions across the surface of the
microscope slide were acquired. A smaller number of droplets were generated when a 10
ms pulse was used (Figure 5.2a) compared to a 30 ms pulse (Figure 5.2b). A droplet
detection algorithm (described later) was applied to both sets of images and showed that
droplets ranged between 0.5 and 2 μm in diameter on average (Figure 5.2c - 5.2d). This
suggests that spray duration does not significantly affect droplet size; however, each image
in the 10 ms experiment contained about 6 droplets on average compared to 159 droplets
for the 30 ms experiment, yielding total droplet counts of 348 and 3042 droplets,
respectively. It is possible that obtaining a higher number of droplets for the 10 ms
experiment would provide a better droplet size distribution.
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Figure 5.2: 3D SIM images of deposited paper sprayed glycerol droplets acquired using (a)
10 and (b) 30 ms pulses and their respective histograms (c-d). The red arrow points to two
agglomerated droplets.

5.3.1.2 Droplet Sizes in Different Locations in the Paper Spray Plume
To mimic a more organic-based electrospray solvent system, droplets generated
from a solution of rhodamine B in 9:1 methanol:glycerol were analyzed. Again, some
amount of glycerol was used to ensure deposited droplets did not fully evaporate. It should
be noted that this study and other studies assume that methanol and glycerol were
thoroughly mixed, an assumption which is reasonable. Images of droplets located in both
the center (Figure 5.3a) and the periphery (Figure 5.3b) of the spray plume were acquired
and compared. After applying the droplet detection method, it was found that the center
of the spray plume contained several droplets that were larger than 1.5 μm in diameter
(Figure 5.3c). In contrast, the periphery mostly contained droplets smaller than 1.5 μm
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(Figure 5.3d), which agrees well with data acquired using laser interferometry-based
systems and droplets containing water and methanol.56

Figure 5.3: 3D SIM images of deposited paper sprayed droplets containing 9:1
methanol:glycerol acquired at the (a) center and (b) periphery of a paper spray plume.
Droplet distributions acquired from the (c) center and (d) periphery of the paper spray
plume.

5.3.2

Droplet Detection Method

5.3.2.1 Droplet Detection Using Circular Hough Transformations
All images acquired by the super resolution microscope were imported into Matlab
and processed using a custom circle detection method based on Hough Transformations.
The processing scheme is described here using an image of paper sprayed droplets as an
example. After a burst of droplets was deposited onto a microscope slide, raw images of
the deposited droplets were acquired using 3D-SIM (Figure 5.4a). These images were
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normalized to provide a high contrast between the background and any deposited droplets
(Figure 5.4b). Droplets were detected and analyzed using a series of circular Hough
transformations in Matlab using the imfindcircles function (Figure 5.4c). For droplets to
be detected, they needed to meet the following criteria: (1) be sufficiently bright compared
to the background, (2) possess a high degree of circularity, (3) and possess diameters larger
than 200 nm. The latter was arbitrarily chosen based on the experimentalist’s difficulty in
observing features smaller than 200 nm. As can be seen, many droplets were correctly
identified by the transformations; however, several incorrect assignments were also made,
such as when multiple circles identified the same droplet or when several small circles
outlined the border a large droplet. A circle overlap removal tool was used to eliminate
any incorrect detections and ensure that each droplet was only detected once (Figure 5.4d).
The tool functioned by finding circles which overlapped by one or more pixels, comparing
the scores of the circles in the accumulator array, and removing the circle with the lower
score. A more detailed discussion on Hough Transformations and accumulator arrays is
given in Chapter 1. The diameters of circles remaining after using the overlap removal
tool were combined with the diameters of circles measured from other images acquired in
the same experiment and plotted as histograms.
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Figure 5.4: Method used for determining the sizes of deposited electrosprayed droplets.
Example of (a) raw, (b) normalized, (c) detected, and (d) processed images of droplets.

5.3.2.2 Effect of Using Multiple Hough Transformations
If the droplets in an image possessed a narrow range of sizes (e.g. 400 ± 100 nm),
only one Hough transformation was required for analysis. However, images possessing
droplets with large size differences required the use of multiple Hough transformations to
maintain accuracy. For example, when one Hough transformation was applied to an image
containing different sized paper sprayed droplets, only the smaller droplets were detected
and sized (Figure 5.5a, 5.5e). This particular image was subjected to a circle overlap tool
to remove a plethora of small circles found circumventing the large droplets in the image
(see Figure 5.4c). However, when two Hough transformations were used, a greater number
of droplets were detected compared to the previous image (Figure 5.5b, 5.5f). Additionally,
the use of two transformations allowed droplets both large (blue) and small (red) to be
detected. Images analyzed with three Hough transformations (Figure 5.5c, 5.5g) showed
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further improvements in both the number of droplets detected and the accuracy of the size
measurements. In contrast, no improvement in droplet count was observed when four
Hough transformations were used to analyze this particular image (Figure 5.5d); however,
the accuracy of the size measurements was slightly improved as indicated by the associated
histogram (Figure 5.5h). It was not necessary to use more than four transformations due
to diminishing returns regarding size measurement accuracy.

The number of

transformations used to analyze every single image was determined by a trained analyst,
meaning some subjectivity was involved. However, it should be emphasized that using
more Hough transformations for analyzing an image almost always provided better results
than when fewer transformations were used and only required longer computation times.

Figure 5.5: Processed images using (a) one, (b) two, (c) three, and (d) four Hough
transformations and their respective histograms (e-h).
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5.3.2.3 Effect of Image Normalization
Since the contrast of an image could be altered, it was important to perform an
experiment to determine what effect changing the contrast of an image had on the droplet
size measurements. The images outputted by the microscope were 16-bit, meaning there
were 216, or 65536, different shades of grey comprising the image. In this scheme, a value
of 0 corresponded to black and a value of 65535 corresponded to white. It was possible to
view images using the full range of 16-bit values (0 – 65535); however, this typically
resulted in a black image unless there were extraordinarily bright features, like fluorescent
nanoparticles (Figure 5.6a). Instead, images were normally viewed as a combination of
two values (e.g. 189 – 13,978). A value of 189 in the range of 0 to 65535 is a very dark
grey, almost black. However, when a value of 189 is used as the first of two image
‘normalization’ values, it means that any pixel with a raw value lower than or equal to 189
will become a black pixel. This does not change the pixel’s value of 189 to 0, it is just for
viewing. On the other hand, using a value of 13,978 for the second of two image
‘normalization’ values means that all pixels with raw values higher than or equal to 13,978
will become white. When an image is viewed with a 189 – 13,978 normalization range,
this means that the image is now only comprised of 13,790 shades of grey, including black
and white (13,978 – 189 + 1 = 13,790). This changes the contrast of the image, allowing
dim features to be differentiated from the background.
An experiment was performed in which an image of 0.53 μm nominal diameter
nanoparticles was given drastically different sets of normalization values (Figure 5.6b –
5.6e). As can be seen, the background of the image increased when the second of the two
normalization values was decreased (Figure 5.6c • 5.6d). Alternatively, the image
became darker when the first of the two values was increased (Figure 5.6b • 5.6c). An
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optimal set of parameters for a single Hough transformation was chosen and all five images
were subjected to that one transformation (Figure 5.6f – 5.6j). The histograms obtained
from the image analyses showed that 56 to 59 nanoparticles were detected with average
diameters of 0.51 to 0.52 μm (Figure 5.6k – 5.6o). This experiment shows that even if the
contrast in an image is not ideal, when a good set of values for the Hough transformation(s)
are chosen, image contrast does not significantly affect the accuracy of the Hough
transformation(s). It is possible to alter the contrast of an image so much that a Hough
transformation will not work; however, it will be blatantly obvious when bad normalization
values are chosen because an analyst will either not see any features in the image, or the
background will be so high that all pixels essentially become white.

Figure 5.6: Images of 0.53 μm fluorescent nanoparticles using different sets of
normalization values (a-e). Images of nanoparticles after applying a single Hough
transformation (f-j) and their respective histograms (k-o).
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5.3.2.4 Effect of Image Resizing
Sometimes droplets were so small, dim, or closely spaced that the Hough
transformations had difficulty detecting them because adjacent pixels did not have large
enough differences in intensity. One way to minimize such problems was to resize the
image. Resizing an image takes the original pixels and creates ‘x’ number of identical
pixels in the original pixel’s place where ‘x’ is an integer. For example, resizing an image
by a factor of 2 creates four identical pixels arranged in a square and places the center of
that square where the first pixel was originally. Resizing an image by a factor of 3 creates
nine pixels arranged in a square, etc. A graphical illustration of image resizing is shown
for clarity (Figure 5.7).

To showcase how resizing an image affects droplet size

measurements, an experiment was performed where a normalized image of 0.84 μm
nominal diameter nanoparticles was resized by factors of 2 and 3 and analyzed by a single
Hough transformation (Figure 5.8). As can be seen, the images appear identical; however,
note that there are greater numbers of pixels for the x2 and x3 resized images. A minimal
change of 0.86 ± 0.07 to 0.85 ± 0.06 to 0.84 ± 0.07 μm in average nanoparticle diameter
was observed when progressing from x1 to x2 to x3 resized images, respectively. One
additional nanoparticle was also detected in the x2 and x3 resized images. While no true
resolution enhancements were gained by resizing an image, it was easier for the Hough
transformations to detect small, dim droplets in resized images.
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Figure 5.7: Illustration showing the effect of image resizing on the number of pixels
generated.

Figure 5.8: Images of 0.84 μm nanoparticles using x1, x2, and x3 resizing factors.
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5.3.2.5 Standardization Using Fluorescent Nanoparticles
The accuracy of the algorithm was verified by performing size measurements on
Nile red-containing fluorescent nanoparticles (nominal diameters 0.25, 0.53, and 0.84 μm)
and comparing the results to the manufacturer’s specifications. Individual solutions of
each sized nanoparticle were diluted 1000x from their stock bottle in water, dropcasted
onto a microscope coverslip, and allowed to fully evaporate prior to analysis. Normalized
3D SIM images of the different sized nanoparticles were acquired and showed good
contrast between the nanoparticles and background (Figure 5.9a – 5.9c). Single Hough
transformations were used to analyze each image containing nanoparticles (Figure 5.9d –
5.9f). Interestingly, all the different sized nanoparticles tended to aggregate, though it is
unknown if aggregates formed in solution or on the microscope slide. The Matlab
algorithm tended to miss some nanoparticles which were aggregated or very close together,
but as can be seen in Figure 5.9f, many of these particles were still detected. After
analyzing several images for each nanoparticle solution, mean diameters were calculated
and were found to be 0.27 ± 0.04, 0.53 ± 0.07, and 0.89 ± 0.10 μm (Figure 5.9 histogram).
Data sheets showing size distributions for the 0.25 and 0.53 nominal diameter nanoparticles
were provided by the manufacturer (Figure 5.10), and as can be seen, the results obtained
by measuring the diameters of fluorescent nanoparticles using circular Hough
transformations show the method is indeed accurate, and therefore the method can be used
to accurately measure the sizes of deposited droplets. No such data sheet was provided for
the 0.84 μm nominal diameter nanoparticles. Interestingly, the error obtained for the 0.84
nm nanoparticles was slightly higher than the other two in terms of absolute error (percent
errors were similar), likely because they were more aggregated.
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Figure 5.9: 3D SIM images of (a) 0.25, (b) 0.53, and (c) 0.84 μm Nile red-containing
fluorescent nanoparticles, images of the nanoparticles after applying a single Hough
transformation (d-f), and an overlaid histogram showing the resulting diameter
measurements (right).

Figure 5.10: Photographs of the datasheets provided by the manufacturer for the (left) 0.25
and (right) 0.53 μm fluorescent nanoparticles. No such datasheet was provided for the 0.84
μm nanoparticles.

103
5.3.3

Size Distributions of Nanosprayed Droplets

5.3.3.1 Effects of Solvent Composition
3D SIM was also used to measure the sizes of nanoelectrosprayed droplets. Initial
experiments were performed to evaluate the effect of glycerol concentration on droplet size.
Images of droplets containing 1 mM rhodamine B in 4:1, 1:1, and 1:4 ratios of
methanol:glycerol were acquired and showed clearly observable differences in droplet
sizes (Figure 5.11a - 5.11c). It should be noted that some images did contain what appeared
to be merged droplets. Whenever mergers like these were observed during the course of a
microscopy experiment, the microscope stage was simply moved to a different location on
the slide and a different image was acquired. The images of droplets containing different
amounts of glycerol were analyzed using one or two Hough transformations. Interestingly,
the droplet size distribution obtained from the 4:1 methanol:glycerol solvent mixture
yielded a very Gaussian-like profile centered around 380 nm (Figure 5.11d). Alternatively,
the droplet size distribution obtained from the 1:1 methanol:glycerol solvent mixture
showed a stark shift in average droplet size to around 500 nm (Figure 5.11e). A fair number
of droplets possessing diameters of around 200 nm was also observed. It is likely these
droplets represent part of a Gaussian distribution of droplets with diameters smaller than
200 nm; however, these small droplets currently cannot be accurately sized using this
method. The origin of such droplets is also unknown. The size distributions of droplets
nanosprayed from a solution of 1:4 methanol:glycerol again showed a shift in average
droplet size to about 900 nm (Figure 5.11f). It is reasonable to assume these shifts in
average diameter are due to increased surface tensions. All experiments described here
were performed using a 5.0 ± 0.5 μm at a 3.0 ± 0.5 mm tip-to-surface distance.
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Figure 5.11: 3D SIM images of nanosprayed droplets containing 1 mM rhodamine B in (a)
4:1, (b) 1:1, and (c) 1:4 ratios of methanol:glycerol and their respective histograms (d-f).
Droplets were nanosprayed from a 3.0 ± 0.5 mm tip-to-surface distance using a 20 ms pulse.

5.3.3.2 Effects of Nanospray Tip Diameter
In addition to a solvent composition study, a set of experiments was performed in
which a 1 mM solution of rhodamine B in 1:1 methanol:glycerol was nanosprayed for 20
ms at a 3.0 ± 0.5 mm tip-to-surface distance using 5, 10, and 20 μm o.d. nanospray emitters.
Normalized images showing droplets generated using nanospray tips with different o.d.’s
expectedly showed clear differences in droplet sizes (Figure 5.12a – 5.12c). Again, one to
two Hough transformations were used to analyze the images to produce droplet size
distributions. Droplets produced by a 5 μm o.d. nanospray emitter displayed a Gaussian
profile centered around 530 nm (Figure 5.13a). Interestingly, the droplet size distribution
obtained after nanospraying with a 10 μm o.d. emitter showed two maxima: one at about
530 nm and one at about 800 nm (Figure 5.13b). Since the deviation between these two
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distributions of droplets is somewhat small, it is possible that the 530 nm droplets are
droplets which underwent more evaporation than the other droplets. Progeny droplets due
to Coulombic fission events would be expected to be much smaller. Lastly, droplets
produced from a 20 μm nanospray emitter possessed an average diameter of about 1.6 μm
(Figure 5.13c), which is double the average of droplets produced by a 10 μm emitter.
Droplets produced from the 20 μm nanospray emitter ranged from 400 nm to about 2.7 μm
in diameter, which was a significantly larger range than the ranges obtained from the other
emitters; however, it was not possible to detect the full range of droplets produced from
the other tips due to the 200 nm droplet diameter cutoff used in these experiments. It should
be emphasized that using nanospray emitters with different diameters is arguably the
easiest way to obtain droplets of vastly different sizes in a controllable way.

Figure 5.12: 3D SIM images of nanosprayed droplets generated from (a) 5 ± 1, (b) 10 ± 1,
and (c) 20 ± 1 μm o.d. nanospray emitters using a 1 mM solution of rhodamine B in 1:1
methanol:glycerol at a 3.0 ± 0.5 mm tip-to-surface distance.
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Figure 5.13: Droplet distributions obtained by nanospraying solutions of 1 mM rhodamine
B in 1:1 methanol:glycerol using (a) 5, (b) 10, and (c) 20 μm o.d. nanospray emitters from
a 3.0 ± 0.5 mm tip-to-surface distance.

5.3.3.3 Effects of Voltage
It is known that increasing the voltage applied to an electrospray source generally
results in increased ion intensities in a mass spectrometer. To explore if droplet size is
altered by voltage, a 1 mM solution of rhodamine B in 9:1 methanol:glycerol was
nanosprayed at a 3.0 ± 0.5 mm tip-to-surface distance using different voltages. All voltage
experiments were performed one-after-the-other using the same 5.0 ± 0.5 μm o.d.
nanospray emitter. Interestingly, incrementally varying the voltage from 1.5 to 3.0 kV
showed minor changes in droplet size distributions (Figure 5.14a – 5.14d). Droplets
generated using 1.5 kV were 320 nm in diameter on average while droplets generated using
3.0 kV were closer to 280 nm. The average droplet sizes measured using 2.0 and 2.5 kV
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were somewhere in between. Similar results were reported by Jadhav et al. who looked at
how different voltages affected the sizes of electrosprayed droplets containing
polyurethane.209 The results obtained here suggest that one reason for observing increased
ion intensities when using higher voltages is because droplets become smaller due to the
surface tension of the solution being more easily overcome than with lower voltages. Other
factors of course contribute to increased ionization efficiencies but are not discussed here.
The bimodal distribution observed in Figure 5.14c is likely due to a spray plume instability.

Figure 5.14: Droplet distributions obtained after nanospraying solutions of 1 mM
rhodamine B in 9:1 methanol:glycerol using (a) 1.5, (b) 2.0, (c) 2.5, and (d) 3.0 kV spray
voltages. The same emitter was used for all four experiments. Each experiment was
performed by spraying from a 3.0 ± 0.5 mm tip-to-surface distance using a 20 ms pulse.

5.3.3.4 Effects of Distance
As discussed in Chapter 1, electrosprayed droplets become smaller over time due
to Coulombic fission events and solvent evaporation. Theoretically, this means that
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droplets should be different sizes depending on how far away they are from the electrospray
source. To identify the effect of distance on droplet size, a 1 mM solution of rhodamine B
in 1:1 methanol:glycerol was nanosprayed using the same 5.0 ± 0.5 μm o.d. tip at different
tip-to-surface distances. Surprisingly, the droplet size distributions obtained in this study
did not seem to show any significant change in droplet size with distance (Figure 5.15a 5.15e). On average, droplets were about 230 nm in diameter. A small deviation in average
droplet diameter was observed for the 5 mm tip-to-surface distance, though the reason for
the deviation is unclear. One possibility for obtaining the same average diameter droplets
in these distance experiments is that the methanol portion of the solvent evaporated so
quickly that droplets only contained glycerol after a very short time, thereby homogenizing
all the results. Further experiments are needed to confirm this hypothesis.

Figure 5.15: Droplet distributions obtained after nanospraying solutions of 1 mM
rhodamine B in 4:1 methanol:glycerol from (a) three, (b) four, (c) five, (d) six, and (e)
seven millimeter tip-to-surface distances using 20 ms pulses. The same 5.0 ± 0.5 μm o.d.
nanospray tip was used for all five experiments.
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5.3.4

Droplet Evaporation Study
As stated earlier, solutions containing glycerol were used to minimize how much

droplets evaporated on the microscope slide surface so that they could be imaged using 3D
SIM. Two experiments were performed to monitor the extent of droplet evaporation on
the surface of a microscope slide. The first experiment involved depositing droplets from
a 5 μm o.d. nanospray emitter and acquiring time-lapse images of one area of the
microscope slide while the laser was kept on. The same experimental parameters were
used for the second experiment, only in this experiment, the laser was only turned on during
image acquisition. Average droplet diameters measured over the course of five minutes
are shown for both experiments (Figure 5.16). As can be seen, droplets illuminated by a
constant laser source decreased in diameter by approximately 200 nm over time (blue trace)
while those illuminated periodically did not change significantly in size (red trace). Based
on this data, it seems more likely that exposing droplets to prolonged periods of high
intensity laser light causes them to photobleach instead of evaporate. It should be noted
that the vast majority of droplets on the surface of the microscope coverslip were only
exposed to laser light during image acquisition and the transitory period required to move
the microscope stage. Therefore, contributions from photobleaching and evaporation
should have been minimal at most.
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Figure 5.16: Plots of average nanosprayed droplet sizes measured over five minutes
obtained when the microscope laser was (blue) on continuously and (red) only on during
image acquisition.

5.4

Conclusions
Although the super resolution fluorescence microscopy method described here was

used to detect electrosprayed droplets as small as 200 nm, 3D SIM is theoretically capable
of obtaining resolutions down to ~100 nm. It should be possible to achieve this limit
through further optimization. One possibility is to increase the concentration of fluorescent
material in the electrospray solution, which should make smaller, dimmer droplets more
easily visible. Another possibility is to simply use a fluorescent compound whose emission
wavelength is shorter than that of rhodamine B. To maintain sizing accuracy, the electron
multiplier on the microscope’s detector should be kept off unless absolutely necessary.
The effects of droplet wetting should also be performed to observe how much the larger
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droplets on the microscope coverslip surface are compared to the sizes of the droplets
immediately prior to deposition.
The experiments performed here lay the foundation for determining the relationship
between a droplet’s size and the extent of reaction acceleration inside the droplet. Ideally,
this method will be used to study a fluorescence reaction that otherwise exhibits a slow-toslowish reaction rate in bulk solution. One potential candidate reaction is the aromatic
substitution reaction of 4-sulfodibenzenediazonium tetrafluoroborate and phenol. This
reaction is a variant on the formation of methyl orange, only phenol was substituted for
dimethylaniline to try and obtain a product whose fluorescence is closer to one of the
microscope laser excitation wavelengths. If the reaction is accelerated inside charged
droplets, it should be possible to immediately observe product using the fluorescence
microscope and monitor the change in fluorescence intensity over time in different sized
droplets. Different sized nanospray tip diameters could be used to easily generate different
sized droplets, as shown above.
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CORONA DISCHARGE-ASSISTED CHEMICAL
REACTIONS INSIDE THE MASS SPECTROMETER INLET

6.1

Introduction
Chemical reactions are believed to occur more rapidly inside electrosprayed

droplets and thin films than they do in bulk solution.62, 65, 67, 69, 76, 78 Several reasons for
such accelerated chemistry have been proposed, including limited diffusion distances,
surface effects which lead to decreased solvation energy barriers, interfacial effects, and
pH changes.
A recent study by Zhou et al. used fluorescence anisotropy to indicate that
molecules orient themselves at the surfaces of small droplets, thus promoting favorable
interactions that ultimately lead to reaction.210 Lee et al. reported that crossing two streams
of reactant-containing microdroplets in the open air results in droplet-droplet collisions that
form a larger droplet where fast reactions can occur211. In contrast, Jacobs et al. monitored
the extent of fluorescence depletion and formation in micron sized droplets contained in a
branched quadruple and found that reactions were only accelerated by up to a factor of
two.73 Interestingly, Araghi et al. showed that the rate constant for a fluorescent reaction
occurring in micron sized droplets contained in a microfluidic chip were up to 45x higher
than the rate constants obtained for the same fluorescence reaction in bulk solution.71
Unfortunately, the optical methods used to perform droplet-based studies are constrained
to droplets larger than about 400 nm due to the diffraction limit of light.
Several reports of ways to accelerate reactions in small volumes exist. Many
involve collecting electrosprayed droplets on a surface, washing the surface, and
reanalyzing the wash solution.74, 77, 80 A thin film presumably forms during the electrospray
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deposition process which also, if not solely, contributes to the acceleration phenomenon.66
Another reaction acceleration technique uses droplets levitated above a hot surface to form
product.68

These droplets are neutrally charged and are several hundred microns in

diameter, which is counter to the general consensus that reaction acceleration only occurs
in very small droplets.
Despite the numerous reports of reactions accelerating in confined volumes, few to
no studies exist describing what happens inside the mass spectrometer when electrospraybased chemical reactions are characterized using mass spectrometry. The study described
here explores what happens to reagents deposited inside the mass spectrometer inlet by
using corona discharged ions to ablate the inside of an MS inlet to form desirable product
ions. Mass spectra acquired using corona discharged ions and in-source fragmentation
show striking similarities and indicate that energy transfer plays a key role in the formation
of product after ablating ions deposited inside the MS inlet. Four different reactions were
evaluated here: (1) the Hantzsch synthesis, (2) the Katritzky reaction, (3) an N-acylation
reaction towards the synthesis of diazepam, and (4) the formation of hydrazone. By
systematically studying how ions from a corona discharge interact with reagents deposited
inside the inlet of a mass spectrometer, insights into how chemical reactions proceed via
corona discharge assistance were gained.

6.2

6.2.1

Experimental Details

Chemicals and Electrospray Ionization Materials
All reagents and solvents were purchased from Sigma (Sigma-Aldrich, MO, USA)

and fresh reaction mixtures were prepared prior to every experiment. Nanospray emitters
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were pulled from borosilicate glass capillaries (1.5 mm o.d., 0.86 mm i.d., Sutter
Instruments, CA, USA) using a micropipette puller (Model P-97, Sutter Instruments, CA,
USA). The outer diameters of the nanoelectrospray tips were 4 ± 1 μm as measured by a
light microscope with a scalebar fitted into an eyepiece. A 0.51 mm platinum 10% iridium
wire (California Fine Wire Company, CA, USA) supplied the voltage to the
nanoelectrospray solutions. The electrosonicspray ionization source consisted of a 1/16th
inch Swagelock tee, a fused silica capillary (360 μm o.d., 100 μm i.d.), and an external
syringe and syringe pump (Harvard Apparatus, MA, USA). Paper spray triangles were cut
from Whatman #1 paper by hand using regular scissors.

6.2.2

Mass spectrometry
All mass spectra were acquired using a benchtop linear ion trap mass spectrometer

(LTQ, Thermo Fisher, CA, USA). Unless otherwise noted, the capillary temperature,
capillary voltage, and tube lens voltage was 150 ˚C, ± 15 V, and ± 65 V, respectively. Prior
to each experiment, the inlet capillary was sonicated for 30 minutes in methanol or
acetonitrile, depending on the solvent used in previous experiments. Blank electrospray
and corona discharge mass spectra were acquired after inserting each cleaned inlet capillary
to ensure that all reagents deposited from prior experiments were removed. Corona
discharges were struck by applying 7 kV to a hypodermic needle positioned approximately
15 cm away from the MS inlet.
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6.3

6.3.1

Results and Discussion

Hantzsch reaction
The Hantzsch synthesis is a condensation reaction used to generate pyridines and

dihydropyridines from aldehydes, β-keto esters, and nitrogen donors.74 The formation of
the dihydroyridine proceeds through multiple intermediates requiring three separate
dehydration steps. An example reaction scheme is given using benzaldehyde 1, ethyl
acetoacetate 2, and ammonia (Figure 6.1).

The dihydropyridine 9 can undergo

dehydrogenation to form the pyridine product 10. Previous studies have reported the
successful conversion of 9 to 10 in electrosprayed droplets based in part off mass spectra
acquired after collecting electrosprayed droplets on a surface, rinsing the surface, and
analyzing the rinse solution using ESI-MS.74 The same report also claimed that 10 could
be generated by increasing the temperature of the long transfer capillary used to perform
distance studies. An unreported study from the same lab described the unusual observation
that 10 could be observed in high abundance using electrosonic spray ionization (ESSI).
However, 10 was only observed when the solvent pump and nitrogen sheathe gas were
turned off, meaning only the high voltage was being applied to the ESSI emitter. Increasing
the capillary temperature resulted in increased product intensities. It should not be possible
for an electrospray plume to form from an ESSI source operating with just voltage, thus
making these observations fundamentally interesting.
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Figure 6.1: Reaction scheme for the Hantzsch synthesis using benzaldehyde 1, ethyl
acetoacetate 2, and ammonia as reagents.

An initial study into the fundamental reason for this observation was performed by
electrospraying a solution of benzaldehyde 1, ethyl acetoacetate 2, and ammonium
hydroxide in ethanol using ESSI (Figure 6.2a). The mass spectra showed the presence of
starting material 2 and the intermediates 3, 4, and 5, similar to what was observed by Bain
et al. An unknown peak was also observed at m/z 324, denoted by *. However, no 9 or 10
was detected over the 20-minute duration of the experiment and suggests that the reaction
did not proceed in solution to any significant extent.

Interestingly, when in-source

fragmentation was performed, a reasonably intense peak corresponding to 9 was observed
(Figure 6.2b). One possible explanation for the presence of 9 is that the energy imparted
into the system by the in-source fragmentation process allowed the intermediate
dehydration steps to be more easily overcome, thereby allowing the reaction to proceed
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towards product. The lack of significant signal from the intermediates 3 and 5 may provide
evidence for this. Assuming this theory is correct, the energy imparted by in-source
fragmentation may not have been sufficient to cause dehydrogenation, which may explain
the lack of 10. Since no clusters were observed in the mass spectrum acquired previously,
the presence of 9 is presumably not because of cluster breakup as is common when insource fragmentation is used.
The syringe pump and nitrogen sheathe gas were then turned off, leaving only the
voltage being applied to the ESSI emitter (Figure 6.2c). Just as the previous report
described, peaks corresponding to both 9 and 10 were observed. There were also peaks
corresponding to the intermediates 3, 4, and 5. Again, since no solution was being pumped
through the ESSI source, no spray plume should have formed and no pneumatic droplet
breakup should have occurred because the gas flow was turned off. It is also unlikely the
solution was electrokinetically driven since the outer diameter ESSI emitter was too large.
Instead, it seemed likely that a corona discharge formed at the end of the emitter. Ions
generated from a corona discharge are routinely observed in the region around and below
100 m/z. Such ions were observed in Figure 6.2c, providing evidence that a corona
discharge formed. To test this theory, a corona discharge was struck using an APCI needle
and the resulting ions were introduced into the mass spectrometer. Interestingly, the mass
spectra after corona discharged ions were introduced showed the presence of both 9 and 10
(Figure 6.2d), clearly indicating that corona discharged ions allow product peaks to be
observed in mass spectra. The intermediate 4 was also observed while 3 and 5 were not,
which suggests 4 may be a more stable intermediate.
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Figure 6.2: Mass spectra of the Hantzsch synthesis acquired using (a) ESSI, (b) in-source
fragmentation, (c) ESSI with the syringe pump and nitrogen gas turned off, and (d) using
corona discharged ions to ablate the inside of the MS inlet after ESSI. * indicates an
unknown peak corresponding to m/z 324.

The underlying reason for the formation of product using corona discharged ions is
not known. Three possible scenarios are hypothesized here, all of which involve the
deposition of electrosprayed droplets into the inlet capillary. First, product could form
inside electrosprayed droplets in an accelerated manner, then deposit inside the MS inlet,
and then desorb due to ablation from corona discharged ions. The formation of product
inside electrosprayed droplets seems unlikely because no product was observed during
conventional ESSI experiments (see Figure 6.2a), but the scenario should not be ruled out.
In the second scenario, electrosprayed droplets could deposit into the MS inlet and form a
thin film where the reaction could be accelerated. Corona discharged ions could then be
used to desorb the product from the inlet. It seems unlikely a thin film could survive in the
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low pressure, high temperature environment of the MS inlet, but again, it should not be
ruled out. In the third and perhaps most likely scenario, corona discharged ions could
impart energy into reagents deposited inside the inlet, allowing activation energy barriers
to be more easily overcome and pushing the reaction towards product. Such energy inputs
could be used to, say, help dehydrate intermediates 3, 5, and 8, and perhaps even
dehydrogenate 9, leading to the pyridine product 10. If product does in fact form due to
the transfer of energy, the question then becomes a matter of where. Does product form in
the inlet before desorption? Or immediately after desorption in the gas phase?
Since the size of an electrosprayed droplet is believed to influence reaction rate,
experiments were also performed using nanospray, which generates droplets smaller than
1 micron in diameter.50, 51 Initial mass spectra obtained using nanospray did not show any
formation of 9 or 10 was (Figure 6.3a), mirroring the results obtained using ESSI. However,
no product formation was observed during source fragmentation or when corona
discharged ions were introduced into the MS inlet after nanospraying (Figures 6.3b, 6.3c),
which is different than the results obtained using ESSI. Since ESSI generates a higher flux
of material compared to ESSI, it appears that the formation of Hantzsch products via corona
discharge is dependent on the total amount of material deposited into the inlet.
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Figure 6.3: Mass spectra of the Hantzsch synthesis acquired using (a) nanospray, (b) insource fragmentation during nanospray, and (c) corona discharged ions to ablate the inside
of the MS inlet after nanospray.

6.3.2

Katritzky Reaction
As stated previously, the second scenario for forming product inside the inlet

capillary is via the formation of a thin film. Decoupling this phenomenon from product
formation in droplets requires knowledge that a reaction must proceed in thin films and not
droplets. Interestingly, Yan et al. have indicated that the Katritzky reaction can be
accelerated in thin films and not microdroplets, making it a good candidate to test the
second scenario.67

The Katritzky reaction can be employed as the heterocyclization

reaction between a pyrillium salt and an aniline, such as triphenylpyrillium (TPP) 11 and
p-anisidine 12, to form a pyridinium salt 13 (Figure 6.4). It is also possible to use base to
catalyze the Katritzky reaction.
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Figure 6.4: Reaction scheme for the Katritzky reaction using triphenylpyrillium (TPP) 11
and p-anisidine 12 as reagents.

To explore the second scenario hypothesized above, experiments were performed
by preparing a solution of TPP and p-anisidine in acetonitrile and electrospraying the
solution using both nanospray and ESSI. No base was used in this study. The results from
nanospray showed an intense peak corresponding to TPP and a minor peak corresponding
to 13, indicating that a small amount product was forming in solution or perhaps droplets
(Figure 6.5a). After 10 minutes of nanospraying, the nanospray source was removed, a
corona discharge was struck, and corona discharged ions were introduced into the inlet.
Interestingly, no reagent or product peaks were observed (Figure 6.5b), similar to the
results observed for the Hantzsch synthesis obtained using nanospray. Mass spectra were
then acquired using ESSI (Figure 6.5c). Once again, an intense TPP peak was observed
alongside a much less intense 13 peak, mirroring the results obtained using nanospray.
However, when corona discharged ions were introduced into the MS inlet after performing
ESSI, an intense peak corresponding to p-anisidine 12 was observed (Figure 6.5d). The
presence of 12 in the mass spectrum is peculiar because it was not observed during either
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electrospray experiments. Regardless, the presence of 12 indicates that reagents do in fact
deposit into the inlet. However, the lack of product in the corona discharge mass spectrum
obtained after ESSI likely indicates that no thin film formed inside the inlet.

Figure 6.5: Mass spectra of the Katritzky reaction acquired using (a) nanospray, (b) a
corona discharge immediately after performing nanospray, (c) ESSI, and (d) a corona
discharge immediately after performing ESSI.

The experiment performed by Yan et al. was repeated to ensure that the Katritzky
reaction could in fact be accelerated in thin films using the setup described in this current
study.

Twenty microliters of the same Katritzky reagent-containing solution used

previously was spotted onto a paper triangle and allowed to dry for 10 minutes. Then, an
elution solvent and high voltage was applied to the paper triangle and paper spray mass
spectra were acquired (Figure 6.6a). As can be seen, an intense peak corresponding to 13
was observed in addition to an intense TPP peak, showing that the Katritzky reaction can
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in fact be accelerated in thin films. However, since no product was observed after
introducing corona discharged ions after performing ESSI mentioned previously, it again
does not seem that a thin film occurred inside the inlet. For comparison, a 10-minute bulk
phase Katritzky reaction was also performed and showed minor formation of 13 after being
paper sprayed (Figure 6.6b).

Figure 6.6: Mass spectra of the Katritzky reaction acquired using (a) paper spray after
spotting a reaction mixture on the paper and allowing it to dry for 10 minutes and (b) paper
spray of bulk solution.

6.3.3

N-acylation reaction
The ability to desorb product ions from the MS inlet using corona discharged ions

was further explored using an N-acylation reaction. The exact N-acylation reaction studied
here was the reaction between 5-chloro-2-(methylamino)benzophenone 14 and
chloroacetyl chloride 15 to produce a stable amide 16 (Figure 6.7). This reaction has been
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reported to accelerate in confined volumes.80

An experiment was performed by

nanospraying a freshly prepared 25mM equimolar reaction mixture of 14 and 15 into a
mass spectrometer for 10 minutes (Figure 6.8a). During nanoelectrospray, an intense 14
peak was observed. However, a nontrivial amount of the product 16 was also observed,
indicating that the reaction progressed to some extent, either in droplets or in solution. An
intense heterodimer peak of 14 and 16 was also observed and suggests that the intensity of
the 16 peak alone did not fully represent the total amount of product formed. In-source
fragmentation was applied to eliminate this heterodimer peak and obtain truer reagent and
product intensities (Figure 6.8b).

Figure 6.7: Reaction scheme of an N-acylation reaction using 5-chloro-(2methylamino)benzophenone 14 and chloroacetyl chloride 15 as reagents. Two isomeric
products 16 are formed but are indistinguishable by mass spectrometry.
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Figure 6.8: Mass spectra of an N-acylation reaction using (a) nanospray, (b) in-source
fragmentation during nanospray, and (c) a corona discharge immediately after performing
nanospray.

After nanoelectrospraying for 10 minutes, the nanoelectrospray source was
removed and corona discharged ions were introduced into the mass spectrometer (Figure
6.8c). As can be seen, the product ion 16 became the base peak. An oxidized 16 peak also
emerged. Additional corona discharge mass spectra were acquired 5 and 10 minutes after
removing

the

nanoelectrospray

source

to

evaluate

the

effect

of

degradation/conversion/removal due to suction from the inlet (Figure 6.9a – 6.9c).
Interestingly, the mass spectrum acquired after 5 minutes did not show any detectable peak
corresponding to reagent 14 but still showed an intense product 16 peak (Figure 6.9b). A
product peak was still observed after 10 minutes, though the peak was about half as intense
as the one obtained after 5 minutes (Figure 6.9c). These results show that a substantial
amount of product can be formed inside the inlet of the mass spectrometer for the N-
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acylation reaction studied. It should be noted that it is unclear whether the removal of
reagent was due to suction or to conversion of the reagent into product inside the inlet. The
intensities of 16 acquired immediately upon striking a corona discharge and 5 minutes after
removing the nanospray source were very similar and might indicate product formation
over time. However, it is possible that a higher flux of corona discharged ions were allowed
into the inlet in the second case, and therefore, more experimentation is required. It should
also be noted and an ESSI experiment was performed with the N-acylation reaction, but
interestingly, the drastic shift from reagent to product upon striking a corona discharge did
not occur.

Figure 6.9: Mass spectra acquired using corona discharged ions to ablate the inside of the
MS inlet after performing nanospray on an N-acylation reaction mixture. Spectra were
acquired (a) 0, (b) 5, and (c) 10 minutes after removing the nanospray source.
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6.3.4

Formation of Hydrazone
A final set of corona discharge experiments was performed using the reaction

between isatin and phenylhydrazine to form a short-lived intermediate which dehydrates
to form hydrazone (Figure 6.10). This reaction is purportedly accelerated in electrosprayed
droplets.75 A solution containing isatin, phenylhydrazine, and 1 μL of 1M HCl was
prepared and nanosprayed for 10 minutes. The emitter was kept approximately 1 cm away
from the MS inlet. Mass spectra acquired at the beginning of the experiment showed an
intense peak corresponding to 18 as well as peaks corresponding to both 19 and 20 (Figure
6.11a).

Note that the product 20 was lower in intensity than the intermediate 19.

Interestingly, mass spectra acquired at the 9 to 10 minute mark showed that the product
peak became more intense than the intermediate, indicating that the reaction was
proceeding rather quickly in solution (Figure 6.11b). Extracted ion chromatograms (XICs)
of the reagents, intermediate, and product are provided to further illustrate this point
(Figure 6.12a – 6.12e). Ion-neutral clusters corresponding to 18 + 20 and 18 + 2x20 were
also observed at reasonably high intensity.
Interestingly, the mass spectra acquired during in-source fragmentation showed that
the intermediate peak disappeared almost completely while the product peak became the
base peak (Figure 6.11c).

This data indicates that the peak corresponding to the

intermediate is either a combination of intermediate and product + water, the intermediate
possesses a low activation energy barrier, or perhaps both. An unknown peak of m/z 210
was also observed. When the nanospray source was removed and a corona discharge was
struck, the only notable peak present corresponded to product, which was the base peak
(Figure 6.11d). This data shows that once again, corona discharged ions can be used to
sample analyte deposited into the MS inlet. By looking at in-source fragmentation data
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acquired for the hydrazone reaction, it seems that a small energy input is needed to
dehydrate the intermediate. It therefore seems reasonable to think that some of the ions
from a corona discharge are imparting energy into landed reactants inside the mass
spectrometer and are converting them to product. It is still however unclear whether the
conversion of reagents to product occurs directly on the surface of the MS inlet or shortly
after desorption into the gas phase.

Figure 6.10: Reaction scheme of the formation of hydrazone using isatin 17 and
phenylhydrazine 18 as reagents.
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Figure 6.11: Mass spectra of the hydrazone reaction acquired using nanospray after (a) 12 minutes and (b) 9-10 minutes. Mass spectra acquired using (c) in-source fragmentation
and (d) corona discharged ions immediately after performing nanospray.

Figure 6.12: Total and extracted ion chronograms of the hydrazone reaction.
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6.3.5

Discussion on Reaction Monitoring by Mass Spectrometry
One might question how mass spectrometry can be useful for monitoring reactions

if product can form on the inside of the MS inlet and then be subsequently desorbed. As
stated earlier, a sufficient amount of energy must be imparted to the landed reactants in
order to produce products. While the continuous introduction of electrosprayed droplets
results in continuous droplet-surface collisions, these collisions appear to be substantially
less energetic than the collisions occurring between ions formed from a corona discharge
and the wall of the inlet.

If droplet-inlet collisions were significantly energetic, a

significant amount of product would have formed in the reactions discussed previously.
Therefore, reaction monitoring by mass spectrometry should not be significantly affected
by the desorption of product ions from the MS inlet.

6.4

Conclusions
The data presented here for four different chemical reactions show it is possible to

desorb material deposited inside the MS inlet using corona discharged ions. The transfer
of energy from the corona discharged ions to the deposited material can result in the
immediate formation of desirable product ions if a reaction mixture was previously
electrosprayed. There may be several fundamental principles governing the formation of
product inside the MS inlet that were not investigated here, including the effect of pressure,
gas flow over the deposited materials, temperature of the inlet capillary, etc. One might
envision that these corona discharge experiments have applications in ion soft-landing.
High purity products could be formed readily and quickly and wouldn’t require further
purification if mass selection was used.

131

FUTURE DIRECTIONS

7.1

Correlation of Electrosprayed Droplet Size and Reaction Acceleration
The overarching goal of the droplet microscopy experiments was to determine the

relationship between a droplet’s size and the extent of reaction acceleration inside the
droplet. Ideally, the microscopy method will be used to study a fluorescence reaction that
otherwise exhibits a slow reaction rate in bulk solution. Additionally, the product produced
by such a reaction must also be soluble in glycerol, readily ionize, and possess an excitation
wavelength compatible with the SIM laser wavelengths available. One candidate reaction
is the reaction between 4-sulfobenzenediazonium tetrafluoroborate 21 and phenol 22 to
produce a methyl orange variant 23 (Figure 7.1). This reaction readily occurs in water, and
thus, should also occur to some extent in glycerol.
After performing a bulk phase reaction and isolating the product 23, two fluorometry
experiments were performed to determine the product’s spectral characteristics. In the first
experiment, a sync scan with a 10 nm offset was employed over a 300 to 700 nm range.
The resulting spectrum showed a maximum at approximately 572 nm (Figure 7.2a). Since
a 565 nm laser was used in the SIM microscopy described previously, this 572 nm should
be compatible with the SIM microscope. In the second experiment, an emission scan
experiment was performed using a 565 nm excitation wavelength. The resulting spectrum
showed two emission maxima: one at 622 nm, and one at 633 nm (Figure 7.2b). It is
unclear why there were two peaks, but as long as they both correspond to product, it
shouldn’t matter. If this reaction is accelerated inside charged droplets, it should be
possible to immediately observe product using the fluorescence microscope. Any of the
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various ways to change droplet size mentioned previously could be used to change droplet
sizes and then correlate droplet size and extent of reaction acceleration.

Figure 7.1: Reaction between a diazonium salt and phenol to form a fluorescent product.
This reaction could be used with the droplet microscopy experiment to correlate the extent
of reaction acceleration in different sized electrosprayed droplets.

Figure 7.2: (a) Sync and (b) emission fluorescence spectra acquired of isolated product 23.

133

It is likely that different chemical reactions will proceed at different rates in different
sized droplets. Performing droplet microscopy measurements on multiple systems should
be quite useful because such measurements would help determine whether different
chemical reactions exhibit the same acceleration factor in a given droplet size. Another
possible fluorescence producing reaction to screen is the reaction reported by Araghi et al.,
which was the reaction between an amine and an aldehyde.71 It may be possible to alter
the substituents of the amine and aldehyde to allow this reaction to be screened using the
droplet microscopy method reported in chapter 5. Then, the question can be asked: “Is the
acceleration factor of methyl orange derivative in a 500 nm diameter droplet the same as
the acceleration factor of the fluorescence product?”
It is also desirable to extend the droplet microcopy methodology to reactions which
do not produce a fluorescent product observable with 3D SIM. To examine these kinds of
reactions, like the Claisen-Schmidt condensation and the Hantzsch reaction, experiments
could be performed by mixing the reactants required for the reaction together with a
fluorescent dye, such as rhodamine B. Droplet microscopy experiments will then be
performed as previously described. Electrospray tips with various outer diameters will be
used to generate droplets of different sizes. Once droplet size measurements have been
obtained, spray emitters possessing the same tip diameters as studied by microscopy will
be placed in front of a mass spectrometer and the same solutions will be electrosprayed.
The mass spectrometry experiments should show a ratio of product to starting material that
changes with electrospray tip outer diameter. Since the sizes of the electrosprayed droplets
will be known because of the microscopy experiments, the product to starting material ratio
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could be correlated to droplet size. Offline experiments should also be performed to make
sure any added fluorescent compound does not significantly affect the desired reaction.

7.2

Extrapolation of Ion Manipulation in the Open Air
One of the most notable features of the 3D printed IMS is that it focuses ions to the

shape of a ring due to the unique design of the drift electrodes. It would be beneficial to
further focus these rings to small spots to increase the number of ions that can be sampled
by a mass spectrometer. The most conventional way of radially confining ions to small
spots is by using an ion funnel. Unfortunately, ion funnels do not work in the open air
when operated using conventional radiofrequency (Rf) voltages. Therefore, it is necessary
to explore other ways of focusing ions in the open air. Simulations performed previously
in this lab seemed to show that ions could be radially focused in a curved, 3D printed
apparatus using only DC voltages. The curvature of the device seemed to cause the
confinement. A new design for a curved ion funnel was designed to experimentally explore
the effect of curvature on the radial confinement of ions in the open air (Figure 7.3). When
placed together, the shape of the openings of the interior electrodes resembles a tornado.
The electrodes for this ion funnel have been manufactured out of stainless steel and should
be amenable to testing in the open air.
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Figure 7.3: New design for a ‘tornado’ ion funnel for potentially radially focusing ions in
the open air.
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